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Use of Acceleration and Acoustics to Classify Behavior, Generate Time Budgets, and Evaluate Responses to Moonlight in Free-Ranging Snowshoe Hares
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Technological miniaturization is driving a biologging revolution that is producing detailed and sophisticated techniques of assessing individual behavioral responses to environmental conditions. Among the many advancements this revolution has brought is an ability to record behavioral responses of nocturnal, free-ranging species. Here, we combine captive validations of acceleration signatures with acoustic recordings from free-ranging individuals to classify behavior at two resolutions. Combining these classifications with ~2 month-long recordings, we describe winter time budgets, and responses of free-ranging snowshoe hares to changing moonlight. We successfully classified snowshoe hare behavior into four categories (not moving, foraging, hopping, and sprinting) using low frequency accelerometry, with an overall model accuracy of 88%, and acoustic recordings to three categories (silence, hopping, and chewing) with an accuracy of 94%. Broad-scale accelerometer-classified categories were composed of multiple fine-scale behavioral states with the composition varying between individuals and across the day. Time budgets revealed that hares spent ~50% of their time foraging and ~50% not moving, with most foraging and feeding occurring at night. We found that hares adjusted timing of activity in response to moon phase, with a 6% reduction in foraging and 30% reduction in traveling during the night when the moon was full. Hares compensated for this lost foraging time by extending foraging into the morning hours of the following day. Using two biologging technologies to identify behavior, we demonstrate the possibility of combining multiple devices when documenting behavior of cryptic species.
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INTRODUCTION

From satellites and drones to biologging devices, new technologies are providing us with the capabilities to answer questions about the natural world, and the species that live within it that could only have been dreamt about a few decades ago. Every year, the number of technologies available to ecologists expands, and the sophistication and capacity of those tools that exist improves (see reviews: Elliott, 2016; Williams et al., 2016). Although initial incorporation of devices on wildlife focused on space use, with a focus on knowing in real time the exact location of an individual, the latest phase of the biologging revolution has, in part, been behaviorally focused, with a desire to know what the individual was doing (Wilmers et al., 2015). One of the most popular devices for behavioral classification is the accelerometer, which measures 3-dimensional acceleration of a species of interest (see Figure 1; e.g., Graf et al., 2015) and for which miniaturization has reduced the weight to as little as 0.7 grams (e.g., Axy-4 without battery, Technosmart, Rome, Italy). Taking into account gravity and acceleration profiles of different movement types, these recordings can provide information on posture and orientation, energy expenditure, and activity levels, that should correspond to specific behavioral states (Wilson et al., 2006; Shepard et al., 2008; Gleiss et al., 2011; Brown et al., 2013).
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FIGURE 1. Example of 1 Hz tri-axis accelerometer data and the orientation axis from a collar attached to a captive snowshoe hare. Arrow indicates location where accelerometer rested on the animal.



The potential for accelerometers to record behavior over long timeframes, including multi-day, cross-seasonal, and even multi-annual periods, involves a tradeoff between recording duration and the resolution of behavioral classification (Broell et al., 2013; Tatler et al., 2018). Accurate classification of detailed behavioral states requires a sampling rate that is twice the highest frequency present in the signal, referred to as the Nyquist criterion (Beutler, 1966; Chen and Bassett, 2005; Graf et al., 2015). Most classifications target rapid movements like wingbeats or steps (Shepard et al., 2008; Spivey and Bishop, 2013), but the intensive sampling needed to do so tends to limit device longevity below what is necessary for documenting wildlife responses to changes in their environment that occur at seasonal and annual timescales. To increase recording duration, sampling frequency can be lowered at the cost of only capturing behavioral categories with lower Nyquist criterion such as bouts of traveling, foraging, and resting (Campbell et al., 2013; Tatler et al., 2018; Studd et al., 2019). Such information, although less specific, is still highly useful for building activity and energy budgets (Williams et al., 2017; Studd et al., 2019).

To counteract the loss of information from using a lower sampling frequency, it may be necessary to determine the detailed behavioral composition of the broader behavioral categories through different means. In species where direct observations are difficult, this may require combining accelerometers with additional biologging technology such as video or audio recorders (Lynch et al., 2013; Pagano et al., 2018). For large terrestrial species (such as polar bears and caribou), observational data on free-ranging behavior can be obtained with video camera collars (e.g., Thompson et al., 2012; Pagano et al., 2018), while for smaller taxa where weight of monitoring devices becomes limiting, deployment of acoustic recorders may be a potential alternative (Lynch et al., 2013; Couchoux et al., 2015). Acoustic data has been incorporated into many fields within ecology providing new means of quantifying biodiversity (e.g., Depraetere et al., 2012; Gasc et al., 2013), soundscapes (Pijanowski et al., 2011), and animal communication (e.g., Reby and McComb, 2003; Fischer et al., 2004; Thiebault et al., 2016). More recently, a few studies have even revealed the potential of acoustic devices to record non-vocal behavior (e.g., flying, feeding, walking; Ilany et al., 2013; Lynch et al., 2013; Stowell et al., 2017; Wijers et al., 2018).

Here we highlight the potential of using accelerometers and acoustic recorders (attached as collars) to classify the behavior of free-ranging snowshoe hares (Lepus americanus), a cryptic small mammal (2 kg). Our primary objective was to determine if we could use low frequency acceleration to identify broad behavioral categories that could be recorded over days to months. In order to do this, we linked accelerometer recordings to observations of captive hares. Additionally, we took advantage of the ability of acoustic recorders to classify non-vocal behavior in order to determine a more detailed composition of accelerometer-based behavioral categories. Our secondary objective was to showcase how these tools, in providing detailed behavioral information over long periods of time, can then be used to investigate daily activity patterns and how aspects of the environment can influence behavior of free-ranging hares. We took a proof of concept approach whereby we explored how light conditions caused by phases of the moon and daylight influenced nocturnal hare behavior.

MATERIALS AND METHODS

The study took place in southwestern Yukon (61°N, 138°W) within the Shakwak trench, an area of boreal forest where snowshoe hares have been the focus of studies for the past 45 years (Krebs et al., 2018). The forest is predominantly white spruce (Picea glauca) intermixed with patches of aspen (Populus tremuloides) and balsam poplar (Populus balsamifera), and an understory of gray willow (Salix glauca) and dwarf birch (Betula pumila var. glandulifera) (Boonstra et al., 2016). Snowshoe hares exhibit 10-year population cycles, which are, at least in part driven by their primary predators Canada lynx (Lynx canadensis), coyote (Canis latrans), and great horned owls (Bubo virginianus; Rohner and Krebs, 1996; O'Donoghue et al., 1998). During this study, snowshoe hares were in the increase phase of the cycle with densities averaging 1 hare/ha (Krebs et al., 1995).

All snowshoe hares were captured using Tomahawk live-traps (Tomahawk Live Trap Co. Tomahawk, WI, USA) baited with alfalfa and rabbit chow, and set and checked overnight (Keith, 1964). Individuals were fitted with an accelerometer (model Axy3, 4 g, Technosmart, Rome, Italy) and VHF radio transmitter (Model SOM2380, Wildlife Materials Inc., USA, or Model MI-2M, Holohil, Canada, both 27 +/– 1 g) in the form of a collar (31 +/– 1 g, 2.5% of smallest hare mass). Accelerometers rested on the dorsal side of the neck and recorded acceleration on 3 dimensional axes at 1 Hz with a resolution of +/– 8 g−forces. To record observations of snowshoe hare behavior, we captured six hares (>1,200 g) in April 2015, attached collars and transferred them to outdoor enclosures (4.5 m by 4.5 m; modified from Sheriff et al., 2009; Lavergne and Boonstra pers comm). Hares were held for three days and supplied with rabbit chow, water, and willow branches collected from the surrounding area. At the completion of observational trials, collars were removed, and hares were released at point of capture. To explore the potential of accelerometers for monitoring behavior over multiple months, we live-trapped and collared 14 free-ranging snowshoe hares between October 2015 and March 2016. Once collared, hares were released at their capture site, and recaptured 1–3 months later (average = 62 days, range: 32–100 days) for collar removal and data download. This research conformed to the guidelines of the American Society of Mammalogists (Sikes et al., 2016) and was approved by the McGill University, University of Alberta, and University of Toronto Animal Care and Use Committees.

Behavioral Observations of Captive and Chased Hare

We used the observations of captive hares to cross-validate behavioral categories based on accelerometer information. For this, 2 h of video (Nikon D90 with 50 mm, Sony Handycam HDR-CX240) were recorded per day for three days capturing morning and dusk activity. During recordings, personnel left the enclosure area to minimize influence of human activity on hare behavior. Hares tended to move rapidly when humans entered the enclosures to provide food and remove droppings, so cameras also recorded during these times. The same time-keeping device was held in frame at the start of each video to sync times for all observations. Videos were watched by two observers who recorded the start and end times of each behavior, which included digging, feeding, grooming, jumping, vigilance (sitting while head moves to look in multiple directions), sprinting, shaking, sitting (motionless), standing, travel with multiple hops, or travel with one hop only. From this we selected the six most common behavioral states that represented 91.8% of all observations and combined them into three broader categories (not moving: sitting and vigilance; foraging: feeding and travel with one hop; traveling: sprinting and travel with multiple hops). This included at least one observation of each behavior per hare per day with the average number of observations of each behavior per hare per day ranging from 8 for feeding to 42 for vigilance (Table S1). Since clocks on separate devices did not run at exactly the same rate, we visually identified multiple occasions per day per hare where the animal transitioned from sitting to traveling to calculate the time divergence between each accelerometer and the camera clock to generate a time correction equation for each accelerometer (error = +/– 3 s).

We observed few instances of hares sprinting at maximum speeds in the enclosures. Thus, to capture potential high-speed chase or “fleeing” behavior (an important aspect of predator-prey interactions), we added additional behavioral data from free-ranging snowshoe hares that were chased by a simulated predator (i.e., a dog, Canis familiaris, a model for coyotes; see methods in Boudreau, 2019). For each chase, the time and whether or not the hare sprinted were recorded, and a subset of chases (n = 47) where hares were observed sprinting from the dog were used as examples of sprinting behavior.

Accelerometer Classification

Average static acceleration was calculated using a running medians smoothing window of 91 samples (see Supplementary Materials 1.1 for window size selection method). We removed this long duration static acceleration (general orientation of device) from total acceleration to retain only acceleration generated from the movement of the animal on which all further analyses were based. This remaining acceleration is primarily the measurement of small changes in the posture of the animal that occur during each behavior, and secondarily, measurements of the dynamic acceleration of the movement. To classify acceleration by behavioral categories we constructed a decision tree consisting of three hierarchical divisions (Studd et al., 2019): (1) not moving (no visible motion, i.e., sitting) and moving (any physical movement), (2) all moving into foraging (feeding, travel with one hop) or traveling (travel with multiple hops), and (3) all traveling into hopping (observed in enclosure) and sprinting (observed in simulated chases in the wild). For each division of the tree, observed behavioral data was split between training (70%) and testing (30%), and then subsampled to ensure equal numbers of each behavior. Over each sample window duration, determined by the average duration observed in videos of behavioral states in each division, we calculated the mean, maximum, minimum, range, standard deviation, and sum of acceleration on each of the three axes (surge, heave, and sway), along with the sum of overall acceleration (OA; similar to ODBA in Wilson et al., 2006), and the change in overall acceleration (ΔOA) across all three axes. ΔOA is the change in acceleration (Δa) for each axis from 1 s to the next summed over the time window across all three axes. Threshold values for behavioral categories at each division were determined by a two-step process. First, the percent overlap between the two behavioral categories for each summary statistic was calculated and the statistic with the lowest overlap was selected (Figure 2A). Second, the percent error of classification was calculated for every 0.1 increment of the selected statistic between the minimum and maximum values, and the threshold value was set according to the lowest classification error (Figure 2B). Using the remaining 30% of the observational data, accuracy for each division of the tree was calculated as proportion of all observations that were correctly classified by the threshold value.
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FIGURE 2. Example illustrating method for determination of threshold values for separation of behavioral states using accelerometer data from collars attached to snowshoe hares. Histograms provide visualization of percent overlap between two behavioral categories using a given summary statistic (A). Optimization is performed by examining the accuracy of the behavioral classification between two behavioral states across a range of values and selecting the value at which the overall accuracy is the highest and where the individual accuracy of each behavior intersects (B). Dotted line represents the selected threshold value for classifying accelerometer data into forage and travel using ΔOA.



The flexibility of this method allows for different sample duration windows to be used at each division. Sample window size was 12 s for not moving and moving, and 4 s for each of foraging and traveling, and for hopping and sprinting. Different training datasets were used for each division. For the first division we used all not moving and moving events with durations of at least 12 s (91.8% of observed behavior). The second division included all foraging (51% or more feeding with no type of travel) and traveling (51% or more travel with multiple hops) events that lasted at least 4 s (89.4% of observed behavior). The final division included all hopping (low speed travel with multiple hops) and sprinting (simulated predator chases) events with summary statistics calculated over 4 s. Due to low sample size of sprinting events, overall classification accuracy was calculated on the first two divisions only.

Although we used a threshold-based classification approach, much recent accelerometer-based literature uses alternative machine learning methods. These approaches have the advantage of efficient processing for the generation of complex classifications with high accuracies, but the disadvantage of black box, non-transferrable thresholds, and non-hierarchical trees (Bidder et al., 2014; McClune et al., 2014). Given pros and cons to both approaches, we also explored the accuracy of random forest-based classification, as described more fully in the Supplementary Materials 1.2, and briefly describe the outcome of this alternative approach in the results. As the random forest provided similar results, we decided to report the more simple method in the body of the paper.

Using Acoustic Recorders to Refine Accelerometer-Classified Behavior

We used animal-borne acoustic recorders to explore composition of broad behavioral classifications (i.e., not moving, and foraging) generated from our low frequency accelerometer recordings. In January 2018, we captured three male snowshoes hares and fitted them with an accelerometer-VHF combination collar that contained an acoustic recorder (Edic-mini Tiny+ A77, 6.6 g, total collar weight of 41 g, <3% of body mass). Once collared, each individual was released at the capture site and recaptured between 4 and 22 days later. Audio recorded continuously at 16,000 hz with μ-law compression for 3 days following capture. Prior to acoustic analysis, we listened to and recorded the sounds contained within 135–15 s audio clips (45 per recorder) that corresponded to long duration (>15 s) foraging, not moving, and traveling as determined by our accelerometer classification tree. Listeners determined that sounds that suggested chewing (33.4% of audio; see Audios 1, 2, and 3 in Supplementary Materials for example clips), hopping (24.5%), silence (23.6%), and unclassifiable noises (9.3%) could be repeatedly distinguished and were the most common. Although we could not truly validate our sound classification for each behavior, we verified that these sounds could be repeatedly associated with a specific behavior among different observers. Three independent listeners blindly classified a subset of clips into the four categories, and we calculated inter-listener agreement for each type of sound.

We manually extracted 300 s of each sound associated with chewing, hopping, and silence consisting of 20–30 independent clips from each hare. Using 70% of the clips, spectrogram analysis (window = 8,000, overlap = 50) was run on each second using the seewave package in R to determine the acoustic properties (Sueur et al., 2008). A classification algorithm consisting of upper and lower amplitude threshold values at 8 frequencies between 0 and 8 kHz for each sound (chewing, hopping, and silence) was created for each device. Thresholds were the 100% confidence intervals plus or minus 10% for that sound (Tables S4, S5, Supplementary Materials 1.3). However, if thresholds of two sounds overlapped at all frequencies, an optimization was run at the frequency where amplitudes were most distinguishable between sounds, and thresholds were adjusted to the value that generated the lowest misclassification. Any sound that did not meet all specified thresholds for chewing, hopping, or silence was classified as “other.” The accuracy of classification, unique to each recorder, was calculated using the remaining 30% of clips.

All audio files were converted to behavioral categories at a 1-s resolution and used to tabulate an acoustic-based behavioral composition of the not moving and foraging categories from accelerometer classification for each hare, and across all hares. To account for drift in the internal clocks of the devices, prior to analysis we aligned the timing between devices by identifying 30 events across the file when both acceleration and acoustic amplitude shifted from a long bout of low values to a long bout of high values (i.e., resting to moving). A linear regression of time divergence over time of recording was calculated and the coefficients were used to readjust acoustic time. However, a ~20 s error remained post-alignment so behavioral composition was calculated using not moving and foraging accelerometer bouts longer than 90 s, with the first and last 30 s removed.

Daily Time Budgets and Behavioral Responses to Moonlight

From both accelerometer-classified, and acoustic-classified behavior, we determined the daily time budgets of free-ranging individuals. This was calculated as the proportion of 24 h that all hares spent expressing each behavior.

Moonlight illumination levels and daily light phase times (including moon rise and moon set times) for our study site were retrieved with suncalc package in R (Agafonkin and Thieurmel, 2017). Moonlight illumination levels were converted into a 3-level categorical variable according to the fraction of the moon that was lit: <0.33 (new), 0.33–0.66, and >0.66 (full). Eight light phases defined by the position of the sun relative to the horizon were used including: day (above horizon minus the first and last hour sunlight; ~4 h), evening (last hour above horizon; ~1 h), dusk (0–6° below horizon; ~1 h), evening twilight (6–18° below horizon; ~2 h), night (>18° below horizon; ~12 h), morning twilight (18–6° below horizon; ~2 h), dawn (6–0° below horizon; ~1 h), and morning (first hour above horizon; ~1 h). We removed all times when there was potentially cloud cover using both snowfall measures, which were collected daily from 4 locations throughout the study area, and hourly relative humidity values from the nearest weather station (Haines Junction, 40 km away; Environment Canada). We removed all nights preceding a snowfall measurement >0, and all times when the relative humidity was >85%, since cloud cover is highly correlated with relative humidity (Sandor et al., 2000). Although we did not measure moonlight illumination levels ourselves and do not know the exact values that occurred, moon phase and lunar position are commonly used in studies of the effects of moonlight on wildlife (e.g., Johnson and De León, 2015; Gigliotti and Diefenbach, 2018).

As foraging and not moving were highly correlated (Pearson's correlation coefficient = -0.99), moonlight analysis focused on foraging with the understanding that any major changes seen in foraging times are mirrored by opposite changes in not moving. We quantified accelerometer derived hare behavior in response to moonlight at three temporal scales. At a daily scale, we examined foraging time per 24 h using a generalized linear mixed effects model (GLMM) with moon phase (three level) as a fixed effect (R:lmer; Bates et al., 2015). At a within-day scale, we examined how foraging time (min/hr) was influenced by moon phase during different times of day using a GLMM with a light phase and moon phase interaction. At this scale we also tested how hopping (min/h) and sprinting (events/h) were influenced by moonlight across light phases. Hopping was examined using the same GLMM as foraging. Sprinting event data was zero-inflated so a hurdle model (Martin et al., 2005; Zuur et al., 2009) was used consisting of a binomial (logit-link) GLMM to test whether individuals sprinted or not during each light phase, and a second GLMM to test whether differences occurred in the number of sprint events during times when hares sprinted at least once. As behavioral states were analyzed separately, a Bonferroni correction (alpha = 0.02) was applied to all analyses at this temporal scale. At an hourly scale, we examined how foraging time (min/h) was influenced by the presence of moon using a GLMM with a moon phase and moon position (set or risen) interaction. This analysis only used hourly foraging values during the darkest light phase (night). All hours when the moon rose, or set were removed to reduce landscape-imposed variation in timing of rising and setting. We included the intermediate moonlight levels in this analysis as it is during this part of each month that the moon rises or sets halfway through the night and the response to moon position relative to the horizon might be most pronounced. All GLMMs included hare ID as a random factor, and for the within-day and hourly scale analysis, date was included as a random factor. Model fit was calculated using conditional R-squared values, and significance of fixed effects were assessed using Wald chi-square (χ2) tests (Bolker et al., 2009).

RESULTS

Accelerometer Classification

We found that a ΔOA threshold value of 1.15 g-forces distinguished moving from not moving with a 95.8% accuracy using a sample window duration of 12 s. Not moving was correctly classified 94.6% (159/168 events) of the time, while moving had an accuracy of 97.0% (163/168 events; Figure 3). A ΔOA threshold of 3.0 g-forces over 4 s further separated any segment classified as moving into foraging (feeding, and short travel) and traveling with an accuracy of 88.1% (traveling = 83.1%, 242/291 events; foraging = 93.1%, 271/291 events; Figure 3). Finally, traveling-classified segments were divided into sprinting and hopping (low speed travel) using a OA threshold value of 6.5 g-forces over 4 s with an accuracy of 88.4% (sprinting = 76.9%, 10/13 events; hopping = 100%, 13/13 events; Figure 3). The overall accuracy of the classification into three behavioral states (not moving, foraging, and traveling), which accounts for all misclassifications at each level of the tree was 88.0% with slightly lower divisional accuracy than what was calculated when setting the threshold values (Table 1). Accuracy varied at the individual level from 80 to 91.7%, with large variation in individual accuracy of classifying traveling and foraging (see Supplementary Materials for individual confusion matrices 1.4). Classification using a random forest algorithm generated accuracies ranging from 83.3 to 96.7% depending on the sample window chosen (see Figure S2).


[image: image]

FIGURE 3. Hierarchal decision tree used to classify snowshoe hare accelerometer data to four behavioral categories. Long duration behavioral states were classified using a 12 s window, while short duration behavior was classified using a 4 s window. The accuracy of each division is the percentage of observed behavior that were classified correctly. Histograms depict the frequency of each behavior occurring at different values of the summary statistic used for the division of the tree. Black represents behavior on left side of the decision tree while white is behavior on right side of decision tree at each split.




Table 1. Confusion matrix of accelerometer-based classification of snowshoe hare behavior to three categories: not moving, forage, and travel.
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Refinement of Accelerometer Behavior Categories Using Acoustic Recorders

Three audio sounds (silence, chewing, and hopping) could consistently be identified by listeners (see Audios 1, 2, and 3 in Supplementary Materials for example clips; Table S3). Inter-rater reliability was 97 and 95% for chewing and silence, respectively. There was 83.3% agreement among all raters for “unclassifiable sounds”; some sound clips were suggested to be hopping or chewing, but there was no consensus across all listeners. Hopping had the lowest among-listener agreement (55.6%) with the most common alternative classification being unclassifiable sound. We are confident in our identification of these four sounds due to (1) the high inter-rater reliability scores, and (2) sounds labeled chewing, hopping, and silence primarily occurred when the hare was foraging, traveling, and not moving according to the accelerometer, respectively. That being said, we have no means to truly validate that these sounds are the behavioral states classified. As such, our acoustic results should be taken with caution as there is a potential for misclassification.

Acoustic spectral analysis of user-classified sounds indicated that silence had no peaks in amplitude at any frequency, chewing had a peak at 250–600 Hz, and hopping had a primary peak at 0–650 Hz and secondary peak at 3,650–4,000 Hz (Figure 4), but peak frequencies varied between recorders (Supplementary Materials 1.3, Figure S3). Automated classification of these three acoustic behavioral states produced an accuracy of 94.1% (Table 2) with little variance in accuracy between devices (Supplementary Materials 1.5). Only 5.7% of acoustic files did not match the properties of these three behaviors and were classified as other sounds. The majority (~60%) of these other sounds were short in duration (1 s) and may have consisted of branches or parts of the hare hitting the microphone, or the hare shifting in position. In comparison, only a small amount of the silence (4%), chewing (9.4%), and hopping (22.8%) were short duration (1 s).
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FIGURE 4. Amplitude frequency spectral properties of hop, chew, and silent sounds from animal-borne acoustic recorders on snowshoe hares (Right) and accompanying spectrograms (Left). Shading represents the 95% CI of the amplitude for each behavior.




Table 2. Confusion matrix of acoustic-based behavioral classification of snowshoe hare behavior to three categories: silence, chew, and hop.
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Acoustic refinement of accelerometer classification revealed that bouts of foraging were composed of a combination of chewing (42.5%), hopping (35.7%), silence (13.0%), and other sounds (8.8%). The composition of foraging bouts varied among individuals (Figure 5A) but, on average, was consistent throughout the day (Figure 6A). The behavioral composition of not moving was consistent among individuals and was composed of silence (~80%) chewing (~13%), other sounds (~4%), and hopping (0.3%) (Figure 5B). The composition of not moving varied with time of day switching from primarily silence during the day to primarily chewing at night (Figure 6B).
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FIGURE 5. Acoustic determination of time spent chewing (black), hopping (white), silent (black stripe), and other (white stripe) during accelerometer-defined bouts of foraging (A) and not moving (B), across all individuals (n = 3) and for each individual free-ranging snowshoe hare.
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FIGURE 6. Accelerometer classification of the proportion of each hour of the day spent foraging (A) and not moving (B) and the acoustic composition (chewing: black, hopping: white, silence: black stripe, or other: white stripe) of those behavioral states. All data was collected over the same 2 days from free-ranging snowshoe hares (n = 3) that were outfitted with an accelerometer and an acoustic recorder. Arrows denote sunrise and sunset times.



Daily Activity

We calculated average daily time budgets of free-ranging snowshoe hares in winter using accelerometer data from all individuals. Hares spent almost all of their time either foraging (~49%) or not moving (~49%) with small amounts of traveling (2%; i.e., either long duration hopping or sprinting). Not moving was the predominant behavior during daylight hours, and time spent foraging increased at dusk, remained high throughout the night, and decreased at dawn (Figures 6B, 7A). Acoustic recorders revealed that snowshoe hares split their time between silence (46.3%), chewing (37.5%), and hopping (10.8%) with small amounts of other sounds (5.4%). Hares were mainly silent during daylight, while at night they were chewing and hopping (Figure 6).
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FIGURE 7. Average time spent by snowshoe hares on each behavior during different light phases of a day and moon phase with light boxes for full moon (lunar illumination > 0.66) and dark boxes for new moon (lunar illumination < 0.33) conditions (mean ± 95% CI). Not moving (A), foraging (B), and hopping (C) are presented as time spent (min/h) expressing each behavior, while sprinting (D) is depicted as number of events per hour. Bar at top indicates the solar illumination level of each light phase and average number of hours that occur during that phase in a 24-h period.



Moonlight Analysis

Snowshoe hares decreased daily time spent foraging by 40 min per day during a full moon compared to during a new moon (χ2 = 11.6, df = 2, P = 0.003, model R2(c) = 0.23). Time spent foraging, hopping, and the occurrence of sprinting events during each light phase was influenced by the phase of the moon (foraging: χ2 = 230.8, df = 14, P < 0.001, model R2(c) = 0.69; hopping: χ2 = 104.5, df = 14, P < 0.001, model R2(c) = 0.37; sprinting: χ2 = 42.9, df = 14, P < 0.001, model R2(c) = 0.67; Figure 7), but the number of sprint events in a light phase was not influenced by the moon (χ2 = 15.2, df = 14, P = 0.36, model R2(c) = 0.32). Hares had the largest decrease in foraging time during the night, with an average decrease of 3 min/h or 51 min between dusk until dawn during full moons compared to new moons (Figure 7B). Hopping, but not sprinting, was also substantially reduced through the darkest phases from twilight until dawn (Figures 7C,D). However, this pattern switched during dawn and morning following a full moon when hares spent noticeably more time foraging and hopping and were more likely to sprint than after a new moon (Figures 7B–D). Within a single night, snowshoe hare responses to the moon being above or below the horizon depended on the phase of the moon (χ2 = 15.1, df = 2, P < 0.001, model R2(c) = 0.30; Figure 8). When the moon was at its brightest (>0.66 fraction is visible), snowshoe hares spent more time foraging per hour during the hours that the moon was below the horizon than when the moon had risen (t = 2.07, df = 1,443, P = 0.039; Figure 8). However, during all other phases of the moon (visible fraction is <0.66), hares decreased time spent foraging when the moon was below the horizon as compared to when it was above the horizon (fraction<0.33: t = −2.25, df = 1,436, P = 0.024; fraction>0.33: t = −3.62, df = 1,444, P < 0.001; Figure 8).
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FIGURE 8. Average foraging time (min/h) of snowshoe hares when moon is above (risen; light gray) or below (set; black) the horizon during different moon illumination fractions (mean ± 95% CI).



DISCUSSION

By integrating two biologging technologies (accelerometers and acoustic recorders), we demonstrate the possibility of accurately classifying behavior of a nocturnal, and often difficult to observe, free-ranging mammal over multi-month durations. After achieving high overall accuracy for both accelerometer- and acoustic-based behavioral classification, we were able to explore the composition of broad accelerometer categories revealing inter- and intra-individual differences in behavior. Our demonstration of the potential for accelerometers to assess behavioral responses of hares to moonlight revealed that hares adjust their time spent foraging as light conditions change.

Biologging Behavior

Despite general difficulties in observing cryptic species, we successfully recorded behavior of a nocturnal species for up to 3 months continuously using biologging technology. We found that different technologies were best suited for extracting specific behavioral states and that a combination of technologies may be necessary to understand the complex nature of a species' behavior. For example, although accelerometers could classify foraging behavior, the act of chewing in snowshoe hares did not generate a measurable amount of acceleration. In this particular study, our capacity to detect chewing was limited by low sampling regime but it is also likely that some behavioral acts, like chewing, may be difficult to detect using acceleration at any sampling frequency without adjusting the attachment of the device to a different location (such as to the jaw; Iwata et al., 2012). However, chewing was a behavior that was easily identifiable on the acoustic recorders. Traveling, on the other hand, was more accurately distinguishable with accelerometers than through acoustics. Additionally, while we were significantly below the Nyquist criterion for a hare hop (Brown et al., 2013), we show that accurate classification is possible to accuracies (88.0%) comparable to those achieved (75% to 98%) using higher frequencies (3.3 to 40 Hz; Nathan et al., 2012; Bidder et al., 2014; McClune et al., 2014; Hammond et al., 2016). At this lower frequency, the detail of behavioral categories (e.g., foraging instead of feeding and individual hops) is compromised to maintain accuracy. This compromise will not suit researchers interested in describing steps or wingbeats over the span of days, but for researchers interested in behavioral changes over the span of months this will likely be a negligible cost.

Our use of animal-borne acoustic recorders not only provided a means of determining behavioral composition of accelerometer classification, but also demonstrated an alternative technique for collecting continuous behavioral data in circumstances when other methodologies might not be possible. Despite only recording on a few individuals (n = 3) for a short duration to test the potential of this technology, we revealed that individual and temporal variation exists in the composition of accelerometer-classified foraging and not moving categories. Although sounds like chewing were easily identifiable, other sounds could not be identified to a particular behavior with any confidence. For this reason, validating acoustic data with behavioral observations would be recommended in order to generate a more detailed classification than what we presented here. Acoustic recorders are rarely used for non-vocal behavior despite their commonality in animal communication research (e.g., Bee and Gerhardt, 2001; Reby and McComb, 2003; Fischer et al., 2004). However, successful applications of acoustics to record behavior all highlight the considerable wealth of information contained in this media form including bodily functions (e.g., heart rate; Couchoux et al., 2015), behavior (e.g., chewing, grooming, wingbeats; Ilany et al., 2013; Stowell et al., 2017; Wijers et al., 2018), and environmental noise (e.g., anthropogenic noise, wind, vocalization of other species; Lynch et al., 2015; Stowell et al., 2017).

Daily Activity

Analyses of both accelerometer and acoustic information revealed that snowshoe hares split their time primarily between not moving and foraging-related behavior with limited time spent traveling. This is a similar pattern as seen in other hare species where vigilance, rest and feeding represented over 95% of the day (Lush et al., 2016). At least in winter, when nights are long and dark, we found that snowshoe hares are characterized by a single daily activity peak centered in the night, with elevated activity extending into dawn and dusk. The limited literature on the behavior of free-ranging snowshoe hares generally classifies the species as exhibiting either crepuscular (Murray, 2003) or nocturnal (Foresman and Pearson, 1999) activity patterns. Using the definition of Anderson and Wiens (2017) and Bartness and Albers (2000), snowshoe hares are likely best classified as a nocturnal species, but alternatively as a nocturnal species with activity that extends into the crepuscular period.

Response to Moonlight

For nocturnal animals, moonlight can drastically change the landscape, and impacts the tradeoff between foraging and predation risk (Prugh and Golden, 2014; Gigliotti and Diefenbach, 2018). We found that moonlight conditions caused snowshoe hares to make substantial adjustments in behavior throughout the night, with the magnitude and direction being dependent on the light phase. During the darkest phases of the night (dusk to morning twilight), traveling was reduced by ~30% and foraging by ~6% when the moon was full. This reduction in foraging is considerably less than the average reduction found in foraging trials (13.6%) across all species where it has been tested (Prugh and Golden, 2014), but the disproportionate reduction in traveling to foraging suggests that the snowshoe hares were not moving around their environment in the same manner while foraging. These responses to moonlight confirm previous studies in snowshoe hares that have reported decreased activity and adjustments in habitat use under full moon conditions (Gilbert and Boutin, 1991; Griffin et al., 2005; Gigliotti and Diefenbach, 2018). Although we could not directly measure whether moonlight impacts predation risk, increased illumination at night has been linked to increased activity and feeding in various predators including coyotes (Kenaga et al., 2013) and Lynx spp. (Rockhill et al., 2013; Heurich et al., 2014). The reduction in activity under full moons suggests that snowshoe hares change their behavior to reduce risk of predation.

Hares appeared to behaviorally compensate for the lost foraging time associated with full moons via an extension of foraging into morning daylight hours. Such compensatory temporal shifts in behavior due to moonlight have also been shown to occur in other species (e.g., Dipodomys merriami; Daly et al., 1992). All animals have minimum energy intake requirements that must be achieved through daily foraging (Norberg, 1977) and although some species can reduce this requirement (e.g., through fat storage or use of torpor), snowshoe hares who have limited body fat stores (~ 4 days resting metabolic support; Whittaker and Thomas, 1983) must forage on a daily basis. This nutritional constraint seems to translate to drastic adjustments in temporally-explicit foraging choices rather than changes in overall foraging time as light conditions change (Gilbert and Boutin, 1991). If choice in timing of foraging is directly related to predation risk, then in hares, moonlight shifts risk of predation from relatively low to relatively high during the night to the extent that it is perceived to be safer to forage in the morning than maintain high foraging rates during the night.

A second compensation that seems to occur is that adjustments in behavior made during the night counteract any increases in predation risk that would be expected. We considered sprinting to be a measure of flightiness, as although some sprints occur from direct predator encounters, the majority are likely responses stemming from wary behavior (Vasquez et al., 2002). If the amount of flightiness is related to the amount of perceived predation risk, as would be expected, then the lack of effect of moonlight on sprinting during the night (Figure 7D) suggests that hares reduce their time spent foraging to minimize the level of predation risk, creating a constant level of risk across moonlight conditions. However, the increased sprinting during dawn and morning periods following full moon nights suggests the morning compensational foraging bouts come at a cost. This increased level of perceived predation risk may be due to the morning period being a time when all predators can be active. Predators of hares are characterized as nocturnal/crepuscular (Lynx canadensis, Canis latrans, Bubo virginianus), or diurnal/crepuscular (Accipiter gentilis), but many nocturnal species have considerable movement into and throughout the day, especially in winter, making the morning a time when both primarily nocturnal and diurnal predators may be hunting (Ozoga and Harger, 1966; Squires and Reynolds, 1997; Kolbe and Squires, 2007; Arias-Del Razo et al., 2011; Artuso et al., 2013). Despite this increased risk during the compensatory foraging, the strategy of reducing foraging during the night likely results in lower exposure to risk overall.

We additionally found that the extent of moonlight avoidance by snowshoe hares was dependent on the phase of the moon, with diminished foraging times when the moon was above the horizon on full moon nights and below the horizon on partial or new moon nights; a switching of preference that has not been observed previously. Generally in other species, individuals are found to be more active during the darkest hours when the moon is below the horizon regardless of moon phase (Morrison, 1978; Daly et al., 1992). This switching of preference for moonlight would suggest that risk is highest when light conditions are either at their brightest or darkest (Prugh and Golden, 2014). The main predators of snowshoe hares all rely on visual cues for hunting (Wells, 1978; Artuso et al., 2013). As such, a decrease in activity with increasing light may be a response to higher hunting efficiency from their predators through improved vision. Although the darkest conditions may inhibit the predators ability to hunt (Wells, 1978), these conditions will have similar effects on the hares ability to detect predators as they also rely partially on visual senses to detect danger. It may be that the loss of use of one of their senses is enough to cause the hares to select against these conditions for foraging, even if predators are similarly hindered.

Biologgers provide us with the opportunity to investigate detailed behavioral adjustments over long temporal timeframes revealing subtle and short-term responses to environmental change. Every biologging technique has strengths and weaknesses, however, combining biologging technology in complementary ways can allow a circumvention of such issues. Short duration acoustic recorders provided a method of collecting behavioral states of a free ranging nocturnal animal that were not possible with accelerometers and vice versa. This allowed for easier interpretation of the behavioral classification generated from long duration accelerometers. Such multi-faceted approaches will allow us to gain the most detailed insight yet into behavioral responses of species to environmental change.
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