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ARTICLE INFO ABSTRACT

Keywords: Outdoor recreation is expanding across public lands, yet managers lack evidence for how long wildlife responses
AC“‘}SHC _Playbad‘ to recreation persist and whether response duration depends on disturbance type and frequency. Using a field-
Habituation based acoustic playback experiment in the Bridger-Teton National Forest, Wyoming, USA, we isolated recreation

Mammal assemblage

. . noise from other components of human presence and quantified how long mammal detections took to return to
Motorized recreation

Recreation ecology baseline. Across 12 sites over two field seasons, we broadcast motorized and non-motorized recreation sounds at

Soundscape rates mimicking high- and low-use trails, paired with nature-sound controls. We quantified treatment effects as

wildlife disturbance deviations from expected weekly detections at our control sites, defining time-to-return as the first week when
deviations overlapped zero. Response duration differed between disturbance types. High-rate motorized play-
backs produced the longest suppression: all species except mule deer did not return to baseline within our 15-
week season, whereas mule deer recovered by six weeks. For high-rate non-motorized playbacks, all species
except for mule deer had suppressed detections until seven weeks while mule deer detections were not different
from baseline. For low-rate non-motorized playbacks, mule deer detections returned to baseline at nine weeks
while all other species returned to baseline at seven weeks. Species differences indicate that apparent overall
recovery can mask prolonged avoidance by less tolerant taxa. Recreation effects persisted for weeks to months
and varied with disturbance type and exposure frequency, highlighting how temporal patterns of use influence
wildlife responses and where recreational planning of spatial refugia or seasonal restrictions could reduce im-
pacts on sensitive species.

1. Introduction responses vary with the species of wildlife, the type of recreation activity
(e.g., mountain biking, hiking, off-highway vehicles), the intensity of

Assessing the impacts of outdoor recreation on wildlife is complex, as trail-based recreation, and with how recreationists move through the

it involves factors related to recreationists, animals, management, and landscape, such as staying on trails versus traveling off-trail (Taylor and

the environmental context (Tablado and Jenni, 2017). Wildlife Knight, 2003; Westekemper et al., 2018). Nonetheless, a systematic
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review of recreationist impacts reported that most studies in the litera-
ture (93% of 274 studies) show one or more effects on wildlife, generally
negative (Larson et al., 2016). These negative effects ranged from
behavioral changes, spatial and temporal avoidance, and hormonal
shifts, to demographic changes such as increased mortality (Creel et al.,
2002; Lewis et al., 2021). However, previous work often lacks controls
for recreation type or trail-use intensity (Cardona et al., 2024) and rarely
evaluates responses over time. As a result, it remains unclear whether
wildlife responses are driven by recreation type, the rate of exposure, or
their interaction, and whether repeated exposure leads to short-lived
displacement or more persistent effects. These uncertainties limit man-
agers' ability to determine when interventions such as visitor education,
refugia, seasonal restrictions, or means of creating predictable recrea-
tion schedules are warranted.

Frequent experience with human activity can lead wildlife to
habituate to outdoor recreationists (Bejder et al., 2009; Blumstein, 2016;
Ditmer et al., 2026). For managers, understanding whether responses
attenuate through time is important because it influences expectations
for where, when, and how recreation is concentrated across the land-
scape. This apparent behavioral tolerance can be associated with
reduced costs of antipredator responses or access to benefits in human-
used areas (i.e., “human shields”; Berger and Cassidy, 2024), but it may
also elevate risk through reduced fear responses and increased potential
for human-wildlife conflict (Blumstein, 2016). Despite broad evidence
that human recreation affects wildlife, most studies emphasize short-
term or localized responses, and comparatively few quantify how re-
sponses attenuate through time (Larson et al., 2016; Marion et al.,
2020). Therefore, managers and ecologists often lack empirical esti-
mates of the time course of animal displacement under repeated expo-
sure, making it difficult to anticipate whether impacts to space use and
habitat availability are brief, cumulative, or periodic. Here, we address
this gap by experimentally manipulating soundscapes to synthesize the
sounds of human recreationists, creating low- and high-use trail condi-
tions to test whether mammals habituate over time to the presence of
people recreating in natural areas.

Anthropogenic noise can influence animal behavior, distribution,
reproductive success, and the structure of ecological communities at
broad spatial scales (Beale and Monaghan, 2004). Road ecology
research, including “phantom road” experiments, has demonstrated that
wildlife respond negatively to road noise even in the absence of vehicles
(McClure et al., 2013; Ware et al., 2015). Distinguishing noise from
other disturbance sources remains challenging due to limitations in
assessing acoustic detection thresholds in free-ranging animals (Buxton
et al, 2017). However, Zeller et al. (2024) explicitly evaluated
recreation-noise effects on terrestrial mammals using a field-based
acoustic playback design. This experimental approach isolated sound
from other dimensions of recreation (e.g., visual presence, movement,
scent), which provided stronger inference about noise-specific effects.

Zeller et al. (2024) observed that wildlife abundance at their sam-
pling locations was roughly 1.5 times lower in the week following any
recreation-noise treatment relative to control conditions, but variation
in antipredator behavior (e.g., vigilance, fleeing) suggested that medi-
ating factors such as predictability and background human presence
may influence responses. Furthermore, Ditmer et al. (2026) examined
the latter by pairing anonymized human mobility data (HMD; cellular
data) with the data of Zeller et al. (2024) and found that wildlife showed
a reduced tendency to flee from recreation noise and spent less time
vigilant in areas where human use was high. Together, these studies
motivate a focused investigation into whether wildlife exhibit habitua-
tion to recreation-related noise and the time scales over which such
changes can emerge. Whether such responses weaken with continued
exposure over time, and whether attenuation depends on the rate of
exposure, remains largely untested.

Here, we used a field-based acoustic playback experiment to test how
long it takes mammal detections to return to baseline levels after
recreation-noise disturbance. Over the 2024 and 2025 summer seasons,
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we measured mammal site use (camera detections) across 12 sites within
four deployment areas across the Bridger-Teton National Forest
(Wyoming, USA) under experimentally manipulated soundscapes.
Treatments included motorized recreation (ATVs and off-road 4 x 4
vehicles) and non-motorized recreation (vocal hikers/cyclists) broadcast
at rates approximating high- and low-use trails. Within each deployment
area, we spatially matched recreation-noise treatment sites with a
nature-sound control (e.g., birdsong). We estimated the treatment ef-
fects of recreation activity as the difference in mammal detections
through time from the expected number of detections at the baseline
nature-sound control sites. Further, we quantified the time-to-return as
the first week when the 95% confidence intervals for predicted de-
viations overlapped zero, a pattern operationally consistent with
reduced avoidance, whether via habituation or compositional filtering,
to repeated recreation-noise exposure (Bejder et al., 2009). We also
quantified daily temporal dynamics by comparing daytime broadcast
(“playback on”) versus nighttime non-broadcast (“playback off”) periods
to determine if temporal shifts in site use occurred. Because higher-
frequency broadcasts created more regular temporal exposure, we pre-
dicted they would be experienced as more predictable than low-
frequency broadcasts. When recreation was predictable, we predicted
that wildlife would habituate more rapidly under high-rate playbacks,
whereas if intermittent cues are perceived as less predictable, low-rate
playbacks should produce stronger early avoidance and slower attenu-
ation (Smith et al., 2021). Finally, because vocal non-motorized recre-
ationist groups elicited strong antipredator responses in prior work
(Zeller et al., 2024), we expected equal or greater initial suppression
under a non-motorized soundscape, with the possibility that this
contrast depends on trail use frequency.

2. Methods
2.1. Study area description

We conducted this study in the Bridger-Teton National Forest
(Wyoming, USA) within the Greater Yellowstone Ecosystem, a landscape
that contains a diverse community of medium- to large-bodied mammals
amid substantial, spatially heterogeneous recreation use (USFS Bridger-
Teton NF, 2021). The forest supports both motorized (e.g. ATVing, dirt
biking) and non-motorized recreation (e.g., hiking, mountain biking,
shed hunting, hunting, trapping), and use intensity varies from heavily
visited front-country areas to comparatively low-use backcountry set-
tings. This range of recreation contexts made it well suited for testing
how mammal communities respond to different recreation soundscapes
and whether responses attenuate through time. The U.S. Forest Service
estimates that approximately 2.2 million people visit the Bridger-Teton
National Forest annually, although visitation is difficult to quantify
precisely on National Forest lands with many unmonitored access points
(USFS Bridger-Teton NF, 2021). We conducted fieldwork on the Jackson
Ranger District, which surrounds the town of Jackson, WY on the east,
south, and west sides and is one of six districts within the Bridger-Teton
National Forest.

2.2. Research design and site selection

We designed our study to isolate the effects of human recreationist
sounds from other aspects of recreation (e.g., movement, scent, dropped
food) on mammal detections through time. Our study was conducted
across four deployment areas within the Jackson Ranger District, each
containing three sites (one nature-sound control and two recreation-
noise treatment sites), for a total of 12 sites. Our goal was to quantify
whether, and for how long, mammal communities were displaced by
motorized versus non-motorized recreation sounds broadcast at high
versus low frequencies. We estimated treatment effects by comparing
observed weekly detections at playback sites with expected detections
from a baseline model fit to all control sites. To standardize local
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conditions, we spatially paired control sites within each deployment
area.

We recorded ambient nature sounds for our control and the sounds of
human recreationists for our treatments, in areas with comparable
habitats to our study sites. We calibrated recordings using the Smar-
terNoise mobile application (Rogard, 2024) to ensure playback levels
matched real-world decibel levels of recreational activity (Maier, 2001).
To reduce potential confounding factors, we recorded sounds in settings
free from other noise sources such as aircraft or road traffic. We grouped
the recordings into three types: 1) nature (e.g., ambient natural sound as
a control); 2) non-motorized recreation (groups of 5 or more recrea-
tionists either hiking or mountain biking while also speaking within the
group); and 3) motorized recreation (off-highway vehicles; both ATVs
and off-road 4 x 4 vehicles). We obtained multiple recordings of each
noise and used three different recordings per noise, selected at random,
for field playback broadcasts (McGregor, 2000). We chose large vocal
groups of bikers or hikers to represent the non-motorized treatment
because Zeller et al. (2024) reported the strongest and most frequent
antipredator responses of wildlife exposed to these types of recreation-
ists. We kept the use of motorized recreation recordings consistent with
Zeller et al. (2024), which were comprised of one to two vehicles.

We broadcast recordings using acoustic playback devices (APDs;
BoomBoxes - Freaklabs) at selected field sites (Fig. 1). We selected
deployment areas based on the potential to maximize detections of
medium- to large-bodied mammals, with candidate deployment areas
identified in consultation with BTNF wildlife biologists. Within each
deployment area, we selected three study sites that met the following
fine-scale selection criteria: 1) along a game trail, 2) evidence of high
wildlife activity (e.g., scat, tracks), 3) away from sources of established
human noise (sites were placed an average of 650 m from roads and
maintained trails), 4) sufficient trees for mounting cameras and play-
back devices, and 5) topography that maximized line-of-sight
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conditions.

Among the four deployment areas chosen—Hoback Canyon, Gros
Ventre, Mosquito Creek, and North Fall Creek—we randomly assigned
each deployment area a recreation type, either motorized or non-
motorized. Within each deployment area, we then randomly assigned
one of the three sites as the nature-sound control and the other two as
recreation-noise sites. Because recreation type was assigned by deploy-
ment area, inference about motorized versus non-motorized effects
relied on replication across areas and years, not independent site-level
assignment within a season. We randomly assigned different playback
rates at the recreation-noise sites, one high-rate site with playbacks
every 3 min and one low-rate site with playbacks every 30 min, designed
to mimic high- and low-use trails by recreationists (Fig. 1). At the
nature-sound control sites, we broadcast nature sounds at the high rate
in every deployment area. For our second field season in 2025, we
randomized treatment types and sites without replacement so that no
sites had the same treatment as the previous year. This arrangement
allowed us to control for environmental variation across the landscape
(deployment areas) while standardizing site types. We relocated four
sites with low detection rates or high human interference (e.g., popular
with off-trail recreationists or hunters) within their deployment area
before the 2025 field season.

The 12 sites played their assigned sounds starting in either late May
or early June for the 2024 and 2025 field seasons, respectively, and
ending in early September. We programmed the APDs to broadcast each
day for a 12-h playback period from 0700 to 1900 and then be silent
from 1900 to 0700. All sites followed the same daily schedule with
playback from 0700 to 1900 (ON) and complete silence from 1900 to
0700 (OFF). Each site also included four motion-triggered cameras
(Reconyx Hyperfire 2 Professional Covert Infrared) spanning a 50-100
m length along the game trail to capture any medium- or large-bodied
mammals. We programmed the outer two cameras to record 90-s
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Fig. 1. Study area showing 4 deployment areas with three sites each. Recreation type was randomly assigned to each deployment area, then recreation frequency and
nature-control sites were randomly assigned to each site within a deployment area. An example of a motorized deployment area is shown in the map inset along with
a portion of the field setup including one (out of four per site) camera trap, audio playback unit (APD), and the associated speakers.
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video clips per trigger, and the central two cameras to record 10-s video
clips following Zeller et al. (2024). The cameras used no-flash infrared
technology to minimize visible-light disturbance and were positioned to
maximize the field of view around the APD while reducing false triggers
from vegetation or topography. We checked equipment every two weeks
to replace batteries, collect and replace SD cards, and verify APD func-
tion, ensuring consistent operation while minimizing disturbance to the
sites. All procedures were reviewed and approved by the USDA Forest
Service's Institutional Animal Care and Use Committee (IACUC).

2.3. Data preparation and analysis

After removing videos generated by false triggers (i.e., with no ani-
mals present), we retained videos showing species the size of a red fox or
larger. We grouped individual videos into events by merging detections
across all cameras within a site of the same species occurring within 20
min using the lubridate package in R (Grolemund and Wickham, 2011).
We then assigned each event to a numeric week, with Week 1 starting
the day the treatment and control sounds were first deployed at each
site. We summed weekly detections for each site-year and classified
events as occurring during the 0700-1900 period when treatment
sounds were broadcast or outside that period. We conducted all data
handling and modeling in R version 4.5.2 (R Core Team, 2024).

2.4. Establishing an expected baseline from nature-control sites

To establish a baseline of animal detections of all present species or
specific species, we modeled weekly detections from the nature-control
sites only. The purpose was to establish a model of expected detection
that captures the seasonal shift of animal activity from lower elevations,
where our sites were located, to higher elevations. We modeled de-
tections of animal activity using generalized linear mixed models
(GLMMs), fit using the glmmTMB (Brooks et al., 2017) and the splines
packages with a negative binomial distribution using the formulation,

event_count ~ ns(week_bin, df = best_df) + (1 | site_year)

where event_count is the count of events at a site for each week,
week _bin is the week of the study, best_df is the degree(s) of freedom for
the spline that resulted in the lowest AIC value (we tested 1-3 degrees of
freedom), and site_year is a random intercept for the combination of the
specific site and year. We used natural cubic splines due to the nonlinear
variation in detections throughout the season during both years of data
collection (Chuang et al., 2011) and identified the optimal df based on
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AIC for each baseline model. We assumed a negative binomial distri-
bution to accommodate potential overdispersion (Stoklosa et al., 2022).
We generated separate models for data during the sound-on (diurnal)
and sound-off (nocturnal) periods at the nature-control sites. We
generated weekly predictions from the nature-control site models using
the ggeffects package (Liidecke, 2018) for all mammals in our study
(Fig. 2), mule deer only (the only species where we had enough data at
the sites to adequately fit species-specific models), and all mammals
except for mule deer. Because mule deer had the largest sample size of
all species in our study, we ran the latter two models to determine how
much mule deer were driving the overall patterns we observed and to
further understand species differences.

2.5. Calculating time-to-return for noise treatments

We subset species detections within the treatment sites into eight
categories based on sound-on/sound-off period, recreation type
(Motorized/Non-motorized), and recreation frequency (High/Low). We
calculated the residuals for each category based on the deviation be-
tween observed weekly detections at each treatment site and predicted
baseline detections from the corresponding nature-control models for
the same week of the year (e.g., Figs. S5 & $6). The difference (residual)
quantified weekly departures from the nature-sound baseline expecta-
tion (estimated from the pooled control-site model) for the same week of
the season.

Next, we evaluated habituation through time by fitting GLMMs with
the residual deviations from the nature-sound control weekly number of
detections as the response variable. We used a similar approach to the
nature-control baseline models but assuming a Gaussian distribution.
We fit separate models for each of the eight treatment subsets using
natural cubic splines for week (best_df = 1-3) and a random intercept for
site-year, following the same formulation as the models of the expected
baseline from nature-control sites, except with the residual value as the
response variable.

Residual ~ ns(week_bin, df = best_df) + (1 | site_year)

We then used the resulting top models of the residuals to create
weekly predictions for each of the eight subsets using the ggpredict
function. We classified weekly local use as greater than the predicted
control baseline when the lower bound of the 95% CI for the predicted
residual was > 0 and as lower than the baseline when the upper bound
was < 0. We operationally defined time-to-return as the first week after
treatment initiation in which the predicted 95% CI for the residual
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Fig. 2. Baseline species detections for all mammals show a decline across our sampling period. Modeled detections of all mammal species (blue line), with 95%
confidence intervals (grey shading), at the nature-control playback sites during (A) daytime playback-on periods and (B) nighttime playback-off periods. Raw counts
of detections are shown as points. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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overlapped zero, indicating no detectable deviation from the nature-
sound baseline expectation. For longer time-to-return intervals, we
calculated the number of detections above or below either the mean or
the relevant 95% CI estimate across the time-to-return interval to pro-
duce liberal and conservative estimates of species detection gains or
losses. Because confidence intervals overlapping zero do not demon-
strate the absence of treatment effects, this metric should be interpreted
as an operational estimate of recovery rather than definitive evidence
that recreation effects ceased. None of the models in which detections
were suppressed deviated from baseline detections once the confidence
intervals overlapped 0.

For all species except mule deer, we did not fit a model to the re-
siduals for each individual species due to limited sample sizes. The
models for these species were susceptible to the influence of outlier sites,
and so, in addition to running models that included all species except
mule deer, we plotted the residuals for each individual species by week
and reported the percentages of residual values that were either positive
(more detections than expected based on the pooled nature-control
baseline model) or negative (fewer detections than expected based on
the pooled nature-control baseline model).

Biological Conservation 323 (2026) 112084
3. Results

During 2235 trap nights across both years, camera traps recorded a
total of 3678 events comprised of mule deer (Odocoileus hemionus, 2293
events), elk (Cervus canadensis, 359), red fox (Vulpes vulpes, 353), moose
(Alces americanus, 306), black bear (Ursus americanus, 141), coyote
(Canis latrans, 94), wolf (Canis lupus, 32), pronghorn (Antilocapra
americana, 29), cougar (Puma concolor, 28), grizzly bear (Ursus arctos
horribilis, 26), white-tailed deer (Odocoileus virginianus, 16), and a single
detection of bighorn sheep (Ovis canadensis). These species and associ-
ated detections comprised the all-species analysis.

Detections for all mammals at nature-control sites declined season-
ally in both periods as expected, due to animal movement to higher
elevations. During daytime nature playbacks (0700-1900), predicted
number of detections declined from 5.73 events [95% CI: 3.58-9.17] in
Week 1 to 1.39 (95% CI [0.82-2.35]) in Week 15 (Fig. 2A). During
nighttime silence (1900-0700), predicted detections declined from 5.12
events (95% CI: 3.12-8.40) in Week 1 to 2.30 events (95% CI:
1.32-4.00) in Week 15 (Fig. 2B). Mule deer at nature-control sites
showed similar seasonal patterns (Fig. S1).
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3.1. Return to baseline interval: All mammals

Low-rate motorized sites showed no evidence of a daytime treatment
effect: predicted deviations in detections during motorized broadcasts
remained near zero, and 95% CIs overlapped zero throughout the season
(Fig. 3C). In contrast, during nighttime silence at these same sites, de-
viations in detections declined through time from above-baseline use
early in the season (Week 1: +4.03 [95% CI: 1.69-6.38]) toward base-
line by Week 9 (Fig. 3D; Fig. S4), with an estimated 9.00-37.67 addi-
tional events during Weeks 1-9 (Table 1).

High-rate motorized broadcasts produced strong early suppression of
detections (Week 1: —1.91 (95% CL: —2.64 to —1.19) followed by
gradual return toward baseline, with CIs overlapping zero by Week 11
(see vertical dashed line in Fig. 3A) and an estimated 7-18 events below
baseline over that interval (Table 1). During nighttime silence at the
same sites, deviations in detections generally overlapped zero
throughout the season (Fig. 3B; Fig. S4; Table 1), suggesting avoidance
was largely constrained to daytime broadcast periods.

We had considerably fewer mammal detections at sites where the
non-motorized recreation noises were broadcast at a low rate, with a
mean predicted detection rate that was —2.58 (95% CI: —3.60 to —1.55)
below the nature-sound baseline (Fig. 4C; Fig. S5). The associated
return-to-baseline time interval was 9 weeks, with a predicted loss in
detections ranging from 7 to 20 (Table 1). During nighttime silence at
the same sites, deviations fluctuated through time, but 95% Cls over-
lapped zero throughout (Fig. 4D), indicating no consistent departure
from baseline during non-broadcast periods. At sites receiving high-rate
non-motorized recreation playback, predicted deviations from the
nature-sound baseline were minor (—1.17 to +1.18). Mean deviations
were modest, and weekly 95% CIs overlapped zero throughout the
season (Fig. 4A; Fig. S5; Table 1). Similarly, during the periods when the
non-motorized recreation noises were not broadcast, we found no
consistent departure from the nature-sound baseline (control-model
prediction; all weekly 95% ClIs overlapped zero, no strong temporal
trend; Fig. 4B; Table 1), indicating similar detection patterns at these
sites even during periods of high-intensity non-motorized noises.

3.2. Return to baseline interval: Mule deer

Overall, mule deer tended to be more tolerant of recreation noise
treatments relative to results obtained for all mammals. For instance,
mule deer exhibited more rapid habituation when exposed to the high-
rate motorized recreation noises (Fig. S2). Their return to baseline
occurred five weeks earlier than in the all-mammal model (week 6 vs.
week 11), and the predicted loss in detections was 0.59-6.63 over those
6 weeks (Table 1). Mule deer exhibited greater than expected mean
detections at the low-rate motorized recreation noises (note: the 95% CIs
for Weeks 1-2 slightly overlapped zero; Fig. S2), and when the broad-
cast was turned off, mule deer displayed a return-to-baseline of 9 weeks
(Fig. S2) with an estimated 13.74-51.83 additional detections during
this period (Table 1). Mule deer matched the all-mammal pattern: strong
suppression under low-rate non-motorized broadcasts, but near-baseline
deviations during several sound-off conditions (Fig. $3). Mule deer were
also detected less frequently than expected at sites with low-rate non-
motorized playbacks (week 1: - 2.22 [95%CI: —2.96 to —1.48]), with a
return-to-baseline interval that matched the overall mammal model
(week 9; p < 0.0001; Fig. $3), and an estimated reduction of 6.91-16.87
mule deer detections during these weeks (Table 1).

3.3. Return to baseline interval: All species except mule deer

For high-rate motorized treatments during the playback on period,
the other species in our study did not return to the baseline number of
detections within the duration of our sampling period (15 weeks;
Fig. S5). The predicted loss of detections over the study was 6.09-19.46
(Table 1). Although the first weeks at the high-rate motorized playback
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Table 1

Number of wildlife detections for each experimental treatment compared to the
baseline nature-control sites. Negative residuals indicate fewer detections than
the baseline sites; positive residuals indicate more detections than the baseline
sites. When there was no difference between the treatment sites and the control
sites, there was no return to baseline interval or gains/losses in detections from
baseline. Therefore, these treatments have an NA in the last two columns.

Sum of mean
residuals
prior to
matching
control

Experimental Mean First week
treatment residual when
at week 1 treatment

Detection gain/
loss estimate
[CI range]
matches
control

All species

Motorized, -1.91 11 —-12.60 —18.20 to
high rate, -7.04
sound on

Motorized, 2.22 0 NA NA
high rate,
sound off

Motorized, low 1.40 0 NA NA
rate, sound
on

Motorized, low 4.03 9 23.33
rate, sound
off

Non- -1.17 0 NA NA
motorized,
high rate,
sound on

Non- 3.10 0 NA NA
motorized,
high rate,
sound off

Non- —2.58 9 -13.71 —20.02 to
motorized, -7.36
low rate,
sound on

Non- 1.05 0 NA NA
motorized,
low rate,
sound off

9.0-37.67

Mule deer

Motorized, —-0.91 6 -3.6
high rate,
sound on

Motorized, -0.31 0 NA NA
high rate,
sound off

Motorized, low 1.21 11 12.72
rate, sound
on

Motorized, low 2.38 9 32.78
rate, sound
off

Non- —-0.21 0 NA NA
motorized,
high rate,
sound on

Non- 3.47 0 NA NA
motorized,
high rate,
sound off

Non- —2.22 9 —11.88 —16.87 to
motorized, —6.91
low rate,
sound on

Non- —0.59 0 NA NA
motorized,
low rate,
sound off

—6.63 to —0.59

—0.19-25.65

13.74-51.83

All species except mule deer
Motorized, -1.71 >15 —-16.01 —19.46 to
high rate, —6.09
sound on

(continued on next page)
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Table 1 (continued)

Experimental Mean First week Sum of mean Detection gain/
treatment residual when residuals loss estimate
at week 1 treatment prior to [CI range]
matches matching
control control
Motorized, 1.86 4,11 —10.45 —17.65 to
high rate, —3.22
sound off
Motorized, low —0.72 0 NA NA
rate, sound
on
Motorized, low —1.23 13 —12.53 —21.43 to
rate, sound —-3.62
off
Non- -1.75 7 —7.03 —11.01 to
motorized, —-3.04
high rate,
sound on
Non- —0.68 0 NA NA
motorized,
high rate,
sound off
Non- -1.10 7 -5.26 —9.41to —1.13
motorized,
low rate,
sound on
Non- 0.51 0 NA NA
motorized,
low rate,
sound off

off periods had higher counts than baseline, by week four, the counts
were lower than baseline and remained lower for the next seven weeks
(Fig. S5) with an associated loss of detections of 3.2-17.65 (Table 1),
indicating site avoidance persisted during sound-off periods. Unlike
mule deer, in response to high-rate non-motorized treatments during the
playback on period, these species showed a decrease in detections with a
return to baseline observed at seven weeks (Fig. S6) and a loss in de-
tections from 3.04 to 11.01 (Table 1). For low-rate non-motorized
treatments, the return to baseline was also at seven weeks — two weeks
earlier than observed for mule deer (Fig. S6) and with predicted losses of
detections from 1.13 to 9.41 (Table 1).

3.4. Moose and Elk detections

Elk and moose were detected far less frequently at sites with high-
rate recreation noise broadcasts. The percentages of site-weeks where
residuals were less than 0 (fewer detections than the baseline) were 80%
and 93% during exposure to high-rate motorized during playback pe-
riods, for moose and elk respectively (Figs. S9 & S11, Tables S1 & S2).
The proportion of negative weekly residuals was similar or larger when
considering the non-motorized high-frequency treatments (100% of
values for moose and 93% for elk had fewer detections than the base-
line). The influence of the low-rate motorized (73% of weeks for moose,
80% for elk) and non-motorized (80% moose, 80% elk) broadcast pe-
riods also indicated some avoidance of sites (Figs. $10 & S12). Both
species used the study sites more frequently when playback sounds were
absent, but residuals during these sound-off periods were still predom-
inantly negative across all recreation types and playback rates
(Tables S1 and S2), indicating that some individuals likely avoided these
sites entirely.

3.5. Large carnivore detections

Black bears exhibited some signs of avoidance of treatment sites,
especially where motorized recreation noises were broadcast. Detections
were almost always lower than expected in both the low-rate (93% of
weeks) and high-rate (93% of weeks) of motorized sites when the sound
was on, while detections when the sound was off also were less than
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expected (93% low-rate and 93% high-rate; Fig. S13, Table S3). Black
bears also had lower detections than baseline at non-motorized sites,
both at the low-rate (93%) and high-rate (73%) sites. Nocturnal de-
tections were similarly affected, with 87% of weeks showing lower than
expected detections at high frequency sites and 93% at low frequency
sites (Fig. S14, Table S3).

The other large-bodied carnivores (cougar, wolf, grizzly bear,
coyote) were typically detected less than expected at recreation-noise
sites in both the playback on and off periods, consistent with broad
avoidance (Figs. S15 & S16, Table S4). Avoidance was especially acute
after the first 3-4 weeks of broadcast at a site. The primary exception
was during playback off periods at non-motorized, high-rate sites, but
we still observed that during 73% of the weeks, detections were lower
than the nature-sound baseline.

4. Discussion

Using a field-based acoustic playback experiment, we showed that
recreation noise altered mammal site use in ways that depended on
recreation type and trail-use frequency (playback rate). Our experi-
mental design allowed us to quantify time-to-return intervals under
repeated exposure, information that is critical in understanding the role
of habituation to recreation noise. Detections were most strongly sup-
pressed under high-rate motorized and low-rate non-motorized treat-
ments, with slow return to baseline that resulted in temporal habitat loss
over that period (Rivera et al., 2022). In contrast, detections did not
deviate detectably from controls during low-rate motorized or high-rate
non-motorized broadcasts. However, these all-species patterns should be
interpreted in light of strong species differences: mule deer comprised a
larger percentage of detections and showed comparatively rapid habit-
uation (e.g., week six for high-rate motorized), which can make
displacement appear concentrated during broadcast periods even when
other species respond differently. Indeed, for our high-rate motorized
broadcast model that included all species except for mule deer, de-
tections did not return to baseline for the 15-week span of our study. We
also observed a reduction in detections at those sites during playback off
periods, indicating the treatment resulted in avoidance of the sites
altogether instead of a compensatory shift to nighttime use. The all-
species model showed no decline under high-frequency non-motorized
broadcasts; however, once mule deer were removed, the remaining
species declined and returned to baseline at seven weeks. Together, our
results provide both empirical findings and an approach to quantify
return-to-baseline dynamics under repeated disturbance but also suggest
that apparent “recovery” across all species can mask heterogeneous re-
sponses, where more abundant, tolerant species do not avoid sites or
resume use sooner while more sensitive species may have shown
avoidance for longer periods.

Predictability and timing of recreation use may mediate the negative
effects of recreation by influencing how animals respond to repeated
exposure (Westekemper et al., 2018; Smith et al., 2021). Trails with
more regular and concentrated use can provide more predictable cues,
but predictability is distinct from intensity, and high-intensity sounds
may still trigger strong avoidance. This may allow wildlife to better
anticipate repeated disturbance and adjust their responses through time
(Parlin et al., 2026; Wilson et al., 2020), and when the disturbance is not
associated with direct threats to wildlife, habituation can result.
Conversely, intermittent disturbance (like that occurring on more
sparsely used recreation trails) can function as pulses of risk that elicit
stronger avoidance and slower attenuation than more continuous
exposure (Sih and McCarthy, 2002). In our experimental design, play-
back rate primarily manipulated temporal frequency. Higher-frequency
playbacks created more regular exposure and likely increased the tem-
poral predictability of disturbance relative to low-frequency playbacks,
which were more intermittent. A predictability framework is one
possible explanation for the non-motorized pattern in the all-species
model, where low-rate playbacks produced stronger suppression and
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Fig. 4. Differences in species detections (predicted residuals) at the non-motorized treatment sites compared to the baseline control sites (red dashed line). Values
above the baseline indicate more detections than predicted by the baseline models; values below the zero baseline indicate fewer detections than predicted by the
baseline models. Mean residuals (blue line) are shown with 95% confidence intervals (grey shading). Raw residual data are shown as points. Non-motorized
treatments where detections were initially different from the baseline have a vertical grey dashed line indicating the first week when detections returned to
baseline levels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

slower return than high-rate playbacks. This pattern, however, was
driven largely by mule deer; once mule deer were removed, the
remaining species were suppressed under high-rate non-motorized
broadcasts as well, indicating that any discounting of more regular,
lower-threat cues was not general across species. Because playbacks
followed a fixed schedule, animals could encounter both broadcast and
silent windows while moving through sites, which likely makes our es-
timates conservative relative to real-world trails where use occurs in
clustered groups or prolonged events. However, playback frequency
simultaneously altered temporal regularity and cumulative acoustic
exposure. Consequently, our experiment cannot fully distinguish
whether observed differences reflect predictability, total exposure, or
both.

Responses to temporal regularity also differed by disturbance type,
but importantly this contrast was driven largely by mule deer. Mule deer
showed little suppression under regular (high-rate) non-motorized
playbacks, consistent with tolerant, abundant species discounting a
frequently encountered cue, whereas the remaining species continued to
avoid these sites for roughly seven weeks. Regular motorized playbacks,
by contrast, produced strong early suppression and delayed return even
for mule deer. One interpretation consistent with this pattern is that
temporal predictability governs how well an animal can anticipate a cue,
while the animal's learned association between that cue and actual risk
governs whether anticipation promotes tolerance or sustained avoid-
ance. Motorized activity in this system is more closely associated with

direct sources of mortality, including vehicle collision and motorized
access for hunting, which may make a more regular motorized cue
reinforce rather than attenuate avoidance (Smith et al., 2021). Non-
motorized recreation is not free of risk here, as hunting on foot also
occurs, but its acoustic cues may be less reliably linked to lethal en-
counters, which could allow the most tolerant species to habituate while
more sensitive species continue to respond. Playback rate covaried with
cumulative acoustic exposure, as noted above, so we cannot separate
predictability from total exposure. The strong response of non-mule
deer species to high-rate non-motorized noise also shows that any dis-
counting of regular, lower-threat cues was not general across the com-
munity. Because most recreation studies are not experimental and
cannot quantify intensity and timing simultaneously, thresholds may
also exist where motorized noise becomes comparably disruptive
despite prior exposure to vehicles and roads (Larson et al., 2016; Gump
and Thornton, 2023). Finally, because recreation type was assigned at
the deployment-area level, area-level variables such as habitat, back-
ground human activity, elevation, and predator community are
confounded with recreation type; these between-type comparisons
should therefore be interpreted as differences associated with, rather
than caused solely by, recreation type.

Responses to disturbance may involve animals avoiding a site alto-
gether or shifting daily activity to use an area when disturbance is lower
(Westekemper et al., 2018; Gaynor et al., 2018). Across all species in our
study, we did not see strong evidence of consistent temporal
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redistribution into periods when playback was silenced, which likely
reflects, in part, the dominance of mule deer in the all species results. In
contrast, elk, moose, and large carnivores were detected less than ex-
pected during non-playback periods, suggesting carryover avoidance
across diel phases rather than simple temporal switching. One exception
was the low-rate motorized treatment when playback was silenced,
where all-species detections were elevated relative to baseline. This
elevation was also present in the mule deer model, indicating it was
driven by mule deer selecting areas associated with human activity,
consistent with a predator-shield mechanism (Berger, 2007). However,
we did not observe the same pattern at high-rate motorized sites.

Given these differences among species, recreation has the potential
to shift the composition of wildlife communities where more tolerant
species habituate to the disturbance and remain, and less tolerant spe-
cies avoid the area. Our time-to-return approach quantified when de-
tections returned to baseline values, but this overall recovery (i.e.,
return to baseline detections relative to controls) can result from two
non-exclusive processes: habituation or filtering. More tolerant species
may habituate to repeated exposure, whereas less tolerant species may
be filtered out of the system by avoiding areas of exposure. Overall re-
covery to baseline levels can arise via reduced responses within in-
dividuals over time, shifts in site use, and/or changes in which
individuals or species remain in the sampled community, so apparent
‘tolerance’ does not necessarily imply habituation alone and can coin-
cide with community change via filtering (Suraci et al., 2021). In our
study, mule deer returned to baseline more rapidly following recreation-
noise disturbance than did the other mammal species. Less tolerant
species like elk and carnivores showed persistent avoidance even during
nighttime when the playback was off. This could be an indication that
recreation noise in our study area may result in changes in community
composition of species. Indeed, in Ditmer et al. (2026), carnivores were
only present at times and in places with low recreation use.

Our study implemented a novel experimental design that allowed us
to directly estimate time-to-return to baseline conditions under
controlled exposure. The scheduled playbacks we used imposed regu-
larity that may increase predictability relative to some real-world trail
use. Yet, we still observed months-long suppression in wildlife detect-
ability when exposed to playback of some recreation types and trail use
scenarios. Importantly, although all species and mule deer responses
indicate a return-to-baseline after repeated exposure to recreation noise,
this does not indicate a concurrent return to a landscape devoid of risk.
When wildlife habituate to humans they may do so at the cost of
increased probability of human-wildlife conflict, and reduced fear re-
sponses to threats such as vehicles or hunting (Smith et al., 2021).

To mitigate effects of recreation activity on wildlife, our results
indicate that resource managers and recreation planners should consider
not only how much recreation occurs, but also how predictable exposure
is and whether particular disturbance types produce longer displace-
ment. In systems where recreation can be concentrated in predictable
windows or locations, doing so may reduce broader disruption for more
tolerant species. For example, shuttle-based transportation can create
more concentrated and predictable pulses of trail use than automobile-
based access (Monz et al., 2016), and other approaches to metering use
include timed-entry systems (Creany et al., 2024) and queueing at
trailhead parking areas (Fuentes et al., 2017). Likewise, regulations that
limit off-trail travel may help maintain more predictable conditions for
wildlife (Hammitt et al., 2015), and zoning protected areas based on
desired acoustic conditions could further reduce disturbance exposure
(Herrera-Montes, 2018). In a National Forest setting such as ours, these
considerations may be most effectively incorporated during Forest Plan
Revision processes that integrate ecological and recreation data. At the
same time, persistent avoidance by elk, moose, and carnivores suggests
that concentrating or regularizing recreation will not eliminate impacts
for all taxa, and that refugia may still be necessary, whether through
seasonal trail restrictions or the placement of new trails and roads away
from sensitive habitats (Ditmer et al., 2026). Education may also help
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reduce the spatial extent of disturbance by encouraging quieter visitor
behavior; for example, signage in Muir Woods National Monument
significantly lowered sound levels, producing an acoustic equivalent to
an approximately 21% reduction in visitors (Levenhagen et al., 2020).

Our study was limited by the logistical constraints of deploying and
maintaining experimental playback sites, which restricted sampling to
12 sites per field season. Consequently, replicates were limited, we were
unable to evaluate additional treatment combinations, and smaller
sample sizes for some species prevented species-specific modeling of
rarer species. Although all sites were located out of sight and beyond the
audible range of roads, variation in proximity to well-traveled roads may
have influenced background levels of human disturbance and wildlife
responses (Ditmer et al., 2026). Similarly, while sites were intentionally
placed away from designated trails, incidental off-trail recreation varied
among sites and may have contributed to differences in exposure to
human activity. Although sites were selected to minimize direct road-
noise exposure, background anthropogenic disturbance likely varied
among deployment areas and may have contributed to variation in
wildlife responses.

Further, although we were able to measure site use via detections, we
were unable to directly test habituation versus filtering since our
methodology did not allow for tracking individuals. Future research
using marked individuals could formally test whether habituation oc-
curs within individuals and whether it differs among behavioral types or
levels of plasticity to human presence within a species, improving
inference about mechanisms underlying responses to recreation. GPS
collars could be paired with physiological biologgers to understand both
broader impacts to space use and detect stress responses that may be
otherwise unobservable (Parlin et al., 2026; Ditmer et al., 2015).
Furthermore, though we were able to conduct our experiments over a
relatively long period of time, we were unable to determine whether
changes in recreation use across seasons affect tolerance of wildlife over
even longer time periods. For example, if winter use of an area markedly
declines, do wildlife that have previously habituated become less
tolerant and therefore more sensitive at the beginning of each high-use
season, or is habituation a response that lasts despite fluctuations in
human use? For instance, black bears that habituated to drone noise in
one year generally remained habituated the following spring after hi-
bernation (Ditmer et al., 2019). Lastly, do habituation tendencies
change with seasons and resources on the landscape? For example,
during winter, when resources are more limited, does the risk-reward
tradeoff shift so that wildlife are more tolerant of humans?

For managers, the practical message is that wildlife responses to
recreation depend not only on how much use occurs, but also on how
predictable that use is, the type of disturbance involved, and the sensi-
tivity of the species exposed. Concentrating recreation into more pre-
dictable times or places may reduce disruption for some taxa, but
sensitive species may still require refugia or seasonal protections. By
estimating time-to-return under controlled exposure, our study provides
an empirical, within-season measure of how long recreation-noise ef-
fects on mammal site use can persist. In our system, recreation-noise
effects persisted for weeks to months and resulted in temporal habitat
loss (Rivera et al., 2022). Differences between motorized and non-
motorized disturbances underscore the need for management strate-
gies that address multiple disturbance types (e.g., spatial zoning, tem-
poral zoning, education, noise regulation from motorized vehicles, trail
design), particularly on multi-use public lands (Larson et al., 2016;
Manning and Lime, 2000; Patricelli et al., 2013). Species-level patterns,
especially the muted responses of mule deer relative to more sensitive
taxa, highlight that community-level metrics can be strongly shaped by
abundant, disturbance-tolerant species and may not reflect the re-
sponses of less tolerant species (Beaupre et al., 2025). These results
support management approaches that concentrate predictable recrea-
tion where tolerance is higher, while maintaining refugia for more
sensitive species or critical life stages through spatial zoning or seasonal
restrictions (Larson et al., 2016; Gaynor et al., 2018; Patricelli et al.,
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2013; Abernathy et al., 2025). More broadly, time-to-return estimates
can help translate acoustic disturbance exposure into measurable ex-
pectations for displacement duration, complementing existing guidance
on soundscapes and strengthening how ecological change is anticipated
and evaluated (Landres et al., 2020).
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