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Spending time in nature is known to benefit human health and well-being,
but evidence is mixed as to whether biodiversity or perceptions of biodiver-
sity contribute to these benefits. Perhaps more importantly, little is known
about the sensory modalities by which humans perceive biodiversity and
obtain benefits from their interactions with nature. Here, we used a ‘phan-
tom birdsong chorus’ consisting of hidden speakers to experimentally
increase audible birdsong biodiversity during ‘on’ and ‘off’ (i.e. ambient
conditions) blocks on two trails to study the role of audition in biodiversity
perception and self-reported well-being among hikers. Hikers exposed to the
phantom chorus reported higher levels of restorative effects compared to
those that experienced ambient conditions on both trails; however, increased
restorative effects were directly linked to the phantom chorus on one trail
and indirectly linked to the phantom chorus on the other trail through
perceptions of avian biodiversity. Our findings add to a growing body of
evidence linking mental health to nature experiences and suggest that audi-
tion is an important modality by which natural environments confer
restorative effects. Finally, our results suggest that maintaining or improving
natural soundscapes within protected areas may be an important component
to maximizing human experiences.
1. Background
Humans in developed countries spend much of their time indoors and in urban
landscapes that bear little resemblance to the environment in which our species
evolved. For example, a large survey based in the USA suggested that a typical
citizen spends 87% of their time indoors and an additional 6% of their time in
vehicles [1]. Living almost entirely apart from nature can lead to an overall dis-
connection from nature that has negative consequences for environmental
conservation [2–7] and can deprive individuals of the health and well-being
benefits that nature provides [8].

Nature provides a variety of beneficial ecosystem services that contribute to
human well-being, including psychological [9,10], cognitive [11,12], physical
health [13,14] and social health benefits [15,16]. Although many studies have
identified various benefits humans obtain from interacting with nature,
few studies have explored why humans benefit from nature. For example,
Fuller et al. [9] found a positive relationship between greenspace biodiversity
(measured by the species richness of plants, butterflies and birds) and self-
reported well-being among greenspace visitors. Dallimer et al. [17], using
similar methods to Fuller et al. [9] but with an expanded survey, determined
that greenspace visitors’ self-reported well-being was more strongly associated
with their perceptions of biodiversity (i.e. level of biodiversity a visitor thought
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was present) than actual levels of biodiversity. Instead, tree
cover, rather than true biodiversity levels, was more strongly
linked with visitors’ biodiversity estimates [17]. Another
study conducted in public gardens found that regular visitors
were unable to detect experimentally increased levels of
plant, bird and butterfly biodiversity, yet nevertheless indi-
cated a preference for higher species richness in the gardens
[18]. Although these limited studies show mixed outcomes
about the role of actual versus perceived biodiversity, it is
clear that biodiversity can play a role in human well-being.

In addition to the sights and smells of nature, natural
sounds are a key factor of human experiences in nature [19–
21] and may contribute to perceptions of biodiversity. Natural
sounds enhance the quality of nature-based experiences [22]
by adding to overall satisfaction [19,21,22], enhancing percep-
tions of natural landscapes [23] and improving mood [24]. In
particular, birdsong is regarded by most people as enjoyable
[20,21,25–27], perhaps owing to its ubiquity throughout
human evolution [28,29] or its association with forthcoming
or current pleasant weather (i.e. spring and summer, respect-
ively). Hedblom et al. [30] also found that more diverse
birdsong was appreciated more than less diverse birdsong,
and enhanced participants’ perceptions of photos of urban
landscapes. Additionally, surveys conducted in unnatural set-
tings and laboratory-based studies suggest birdsong can
improve stress recovery [31,32] and cognitive function [33].
However, whether birdsong influences perceptions of biodi-
versity and well-being among people in real natural settings
has not yet been explored.

Here, we investigated how an experimental increase in
birdsong influenced self-reported perceptions of biodiversity
and concepts of well-being among natural area visitors. To do
so, we implemented a ‘phantom chorus’ in week-long ‘on’
and ‘off’ (i.e. ambient conditions) blocks by experimentally
increasing bird acoustic biodiversity on hiking trails via play-
back through speakers. We used intercept surveys at the end
of our experimental trail sections to record self-reported well-
being by hikers. Based on previous research reporting signifi-
cant and marginally non-significant positive correlations
between actual and perceived plant and bird biodiversity,
respectively [9], we predicted that an experimental increase
in birdsong would lead to an increase in perceived bird bio-
diversity by hikers. Other studies conducted in non-natural
settings have linked birdsong to psychological benefits [31–
33]. If hikers in nature exposed to acoustic stimuli reflective
of high bird diversity also experience greater well-being,
hikers exposed to the phantom chorus would self-report
higher scores for well-being concepts than those that did
not experience the phantom chorus. Finally, based on the
notion that perceptions of biodiversity are linked to well-
being [17], we also expected a positive association between
people’s self-reported perceptions of bird biodiversity and
concepts of well-being.
2. Methods
Our study was conducted with the approval of the California
Polytechnic State University Institutional Review Board (proto-
col number 2017-112). Data collection occurred from 15 July to
4 September 2017 in Boulder Open Space and Mountain Parks
(OSMP), Colorado, USA. These dates were selected for several
reasons. First, breeding activity among birds nesting in the pon-
derosa pine (Pinus ponderosa) woodlands of OSMP typically
peaks in June (e.g. [34–36]). By timing our playback of the phan-
tom chorus later in the season, we not only minimized potential
disruption of breeding birds’ behaviours caused by playback
(e.g. [37]), but created the necessary contrast in birdsong for
our study objectives. Playback of the phantom chorus simulated
song activity typical of the early/mid breeding season when
song is common for mate attraction and territorial defense,
which contrasted strongly with the low song activity associated
with the late nesting or fledgling stages of the breeding season
[38,39] in mid-July and later in the summer. We applied the
phantom chorus treatment (see below) in weekly intervals at
each trail, alternating with a ‘quiet’ week of no broadcast, allow-
ing each trail to serve as its own control and ensuring surveys of
visitors exposed to the playback of the phantom chorus or ambi-
ent conditions were not related with unusual weather events,
such as high temperatures or rain that could also influence
survey responses. Treatment broadcasts also alternated across
trails so that when the playback was ‘on’ along one trail, it was
‘off’ along the other.

(a) Phantom chorus treatment
During treatment weeks, 10 hidden, evenly spaced Eco Extreme
waterproof speakers (Grace Digital., Inc.) were placed approxi-
mately 15–30 m away from the trail in 500 m stretches of the
Upper McClintock (McClintock) and Lower Gregory Canyon
(Gregory Canyon) trails (figure 1). Each of the 10 speakers broad-
cast a different looping 5 min file containing songs and calls from
one common native species, with the exception of one file that
contained two species (figure 2), using Olympus LS-P2 devices
(Olympus Corporation). We broadcast recordings from 9:00 to
15:00 5 days a week, including weekends. We set broadcast
amplitude at 80 A-weighted decibels (maximum sound level
[LAFmax], fast response, re. 20 µPa) using a MicW i436 omnidir-
ectional microphone and the SPLnFFT smartphone application,
which serves as a type 2 sound level meter [40]. This amplitude
is typical of songbird playback because it falls within the range of
natural sounds (reviewed in [41]). Phantom chorus files were cre-
ated with edited song and call recordings using recordings taken
as close to our study trails as possible to account for regional vari-
ation in song. We also selected songs with higher signal-to-noise
ratios. The files were edited using Audacity 2.1.3 software (auda-
cityteam.org) to remove background noise and vocalizations from
other species. We also standardized amplitude among all files
using Raven Pro 1.5 (ravensoundsoftware.com). Speakers were
placed in realistic microhabitat for each species. For example, the
speaker broadcasting spotted towhee (Pipilo maculatus) was
placed near the ground in shrubs where this species is often
found. The same suite of species was used at both trails, but the
order of species differed due to variations in habitat.

(b) Point counts
To quantify actual avian species richness along the study trails,
we conducted weekly point counts at three locations at each
trail between 3 August and 3 September 2017 (figure 1). We
recorded the number of individuals of all species of birds seen
or heard within a 5 min period at each location. Bird activity is
often highest at dawn [42] and surveys typically take advantage
of this increased activity [43]. However, our visitor surveys did
not begin until 9:00, thus we timed our point counts to better
measure bird activity perceptible to visitors later in the morning
by starting them approximately an hour after sunrise and
finishing them shortly before our visitor surveys started at 9:00.

(c) Ambient sound levels
To determine whether sound levels systematically varied between
trails or between time intervals with and without playback, on
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Figure 1. Speaker, recorder and point count locations at (a) Gregory Canyon and (b) McClintock trails. Panels (c) and (d ) denote spectrograms of 30 s clips of audio
recordings taken during the phantom chorus treatment at Gregory Canyon and McClintock, respectively; panels (e) and ( f ) were taken on control days at each site
(i.e. the phantom chorus treatment was off ). Control conditions were not necessarily quiet; for example, Panel ( f ) illustrates sounds produced by a hummingbird
flying and a human talking at McClintock. (Online version in colour.)
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each trail, we set up five Olympus LS-P2 recorders (Olympus
Corporation), each spaced approximately halfway between succes-
sive speakers and no more than 5 m from the trail to record hourly
ambient sound levels (see below; figure 1). Recording started just
before surveying began at 9:00 each day and stopped after survey-
ing was completed for the day. We positioned each recorder
approximately 1.5 m off the ground and surrounded by a
custom windscreen, which also served as camouflage.
(d) Survey administration
We intercepted hikers from approximately 09:00 to 15:00, 5 days a
week for the duration of the study. Monitoring by park personnel
has shown weekday visitation is reflective of local demographics
(Boulder OSMP staff 2020, personal communication). To provide
a sample with increased generalizability to a more diverse popu-
lation, we focused our sampling efforts on weekends when there
was more non-local visitation. To ensure that each participant
experienced the full treatment, only hikers walking uphill on
each trail were intercepted. This was possible because the trail sec-
tions used for our experiment were not connected to other trails.
We administered surveys approximately 50 m beyond the last
speaker location. We gave each participant a laminated copy of
the survey to follow along with the verbal instructions given by
a researcher, who entered responses into the iSURVEY program
(harvestyourdata.com) on an iPad. We did not ask hikers who
were running or wearing headphones to participate.

We collected responses from visitors using a questionnaire.
The instrument contained two main sections relevant to this
study: perceived biodiversity and self-reported well-being. To
operationalize these concepts, perceived biodiversity was
measured as perceived bird species diversity and self-reported
well-being was measured as perceived psychological restoration
[44–46]. We also collected demographic information for
descriptive purposes.

To measure hikers’ perceptions of bird species diversity,
we asked respondents ‘Based on your experience on the trail
today, about how many different types or species of birds
would you say are in the last quarter mile or last 7 min of your
walk on the trail?’ Responses were recorded on a 5-point scale,
where 1 = 0–3 different types of birds, 2 = 4–7 different types of
birds, 3 = 8–11 different types of birds, 4 = 12–15 different types
of birds and 5= more than 15 different types of birds.
There are numerous measures of human well-being (reviewed
in [47]). In this study, we drew from Payne’s [46] work focused on
a soundscape’s potential to provide psychological restoration,
which was the most appropriate operationalization of environ-
mental restoration theory for our study involving the restorative
potential of birdsong. This approach isolates the perceived
restorativeness of the acoustic environment as opposed to the
audio-visual experience of hikers in a field-based experiment.
Payne’s [46] operationalization includes five concepts: fascination,
being-away-to, being-away-from, compatibility and extent (elec-
tronic supplementary material, table S1). ‘Fascination’ refers to
the ability of a stimulus to hold an individual’s attention in such
a way that it does not inhibit their ability to focus on other stimuli
or cause attentional fatigue [45]. An example from the survey
included: ‘Sounds on the trail today make me wonder about
things’. ‘Being-away-to’ refers to the ability of the soundscape to
contribute to the restorative qualities of the destination not typically
found in the one’s daily life. An example from our survey was: ‘The
trail’s acoustic environment is different from what I usually hear in
my daily life’. ‘Being-away-from’ refers to the soundscape’s ability
to serve as a refuge from the stress of one’s daily life. An example
from our survey is: ‘Hearing sounds on the trail today made me
feel free from work, routine and responsibilities’. ‘Compatibility’
refers to how compatible the trail’s soundscape is with one’s per-
sonal preferences and motivations for visiting. An example from
our survey was: ‘The trail’s acoustic environment fits with my per-
sonal preferences’. ‘Extent’ refers to the environment’s ability to be
‘rich and coherent enough to constitute another world’ and engage
the mind with few distractions [45]. An example from our survey
was: ‘All the sounds merge to form a coherent acoustic environ-
ment.’ Hikers were asked, ‘Based on your experience from the
last quarter mile of trail or seven minutes of your hike today,
how much do you agree with each of these statements?’ Responses
were recorded on a 7-point scale, where 0 = not at all and
6 = completely (electronic supplementary material, table S1).
(e) Analysis
We first analysed whether the phantom chorus increased the
number of potential species detected (i.e. avian species richness)
along trails. For each point count week, we calculated the sum of
unique species observed during point count surveys from all
point count locations per trail plus the number of additional
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species represented in the phantom chorus that had not been
detected on point count surveys (i.e. the sum of unique species
from point counts and the phantom chorus). We then compared
this combined total of real and simulated bird species to the total
species from just the point counts on a trail using linear models
with the lm function in program R 3.6.1 [48]. In an initial analy-
sis, we considered the influence of week of observation, trail and
count method (i.e. the number of species detected in point counts
versus that number plus additional unique species added by the
phantom chorus), plus an interaction between trail and measure-
ment, but found the interaction and week of observation did not
improve model performance (not shown). Thus, the final model
included only the influence of trail and count method.

Analyses of ambient noise recordings were completed using
the National Park Service’s Acoustic Toolbox software [49]. We
used L50 A-weighted decibels (dB) to characterize sound levels
along the trails. L50 represents a median of fluctuating sound
levels such that sound levels exceed this value 50% of the time.
We used linear mixed effect models (LMER) with the lmer func-
tion in the lme4 R package [50] to model hourly sound levels. For
fixed effects, we included a variable denoting whether the phan-
tom chorus was on or off. Because general sound levels could
differ between trails for other reasons and sound levels can
also fluctuate seasonally, we also included trail and pseudo-
date (where 15 July = 1) as fixed effects and considered an inter-
action between treatment and trail. Given the hierarchical
structure of sound collection, we included hour within recording
location as nested random effects.
We used the Statistical Package for the Social Sciences (SPSS)
and Amos to perform analyses of the survey data. Three different
methods were used: a principal component analysis (PCA), con-
firmatory factor analysis (CFA) and structural equation
modelling (SEM). Maximum-likelihood estimation was used in
all CFA and SEM procedures. Data screening showed that
some variables had one or two missing data points. Because
the maximum-likelihood estimation model we used requires no
missing data, we deleted cases with missing data points to be
as conservative as possible. This left a final sample size of 665
surveyed hikers. We did not assume multivariate normality,
and thus applied bootstrapping to correct for this using bias-
corrected confidence intervals (95%) for all CFA and SEM
procedures.

We used PCA to examine the underlying structure of the
perceived psychological restoration scale in preparation for the
CFA. We used this exploratory process first because this scale
has achieved mixed results in different settings [46] and we
wanted to keep the CFA in the ‘spirit’ of a confirmatory process.
For the PCA, we used varimax rotation to aid in loading
interpretation. We checked assumptions about the appropriate-
ness of the method using the Kaiser–Meyer–Olkin (KMO)
statistics (KMO> 0.50) and Bartlett’s test of sphericity ( p <
0.05). Only components with an eigenvalue greater than 1 were
extracted from the data. Using guidance from prior research
[46], we interpreted loadings with absolute value greater than
0.40 as belonging to a particular axis [51] and we removed
cross-loaded items. The reliability of items measuring a



royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

287:20201811

5

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

25
 M

ar
ch

 2
02

1 
component was examined using Cronbach’s alpha, with α > 0.65
being sufficient [52].

We used CFA to test an a priori specified structure that
represents the relationships among variables. Based on past
research [46], we conceptualized perceived soundscape restor-
ation as a second-order factor composed of several first-order
factors. The first-order factors were informed through the PCA.
Similar to the PCA, a CFA model should generally have factor
loadings greater than 0.40, with values greater than 0.60 con-
sidered high [51]. We also used Cronbach’s alpha to establish
factor reliability in the CFA.

In addition to the criteria above, goodness-of-fit (GOF) stat-
istics allow researchers to evaluate how well the data match the
specified model. Here, we provide several commonly used GOF
statistics, including both relative and absolute fit statistics. This
includes χ2, BSboot (a χ2 that accounts for the bootstrapping pro-
cedure), the comparative fit index (CFI), the Tucker–Lewis index
(TLI), the root mean square error of approximation (RMSEA)
and the standardized root mean square residual (SRMR).

Interpretation of the GOF statistics can vary. Both the χ2 and
BSboot are likely to be rejected with larger samples (n≥ 200), and
results of p < 0.05 are largely ignored in CFA and SEM pro-
cedures. Instead, other fit statistics are preferred. For CFI and
TLI, values should be≥ 0.90, with≥ 0.95 indicative of an excel-
lent fit [53]. For SRMR, values≤ 0.08 are acceptable, with
values closer to 0 indicative of a better fit [54]. RMSEA values≤
0.10 are considered sufficient, with values≤ 0.05 considered
excellent [55,56]. Collectively, these GOF statistics indicate
whether the theoretical model accurately represents the
relationships among the data.

The last step in the analysis was building SEMs to represent
the relationships among the phantom chorus treatment, per-
ceived bird species diversity, and perceived psychological
restoration. Phantom chorus treatment was dummy coded in
the models, with 0 = control (phantom chorus off) and 1 = treat-
ment (phantom chorus on). Like the CFA, bootstrapping was
applied in the SEMs and GOF statistics are reported. Lastly, stan-
dardized path coefficients and their statistical significance are
reported using the bias-corrected confidence intervals (95%).
trails (i.e. McClintock and Gregory Canyon) were analysed
using separate SEMs.
3. Results
(a) Phantom chorus treatment
The phantom chorus increased acoustic bird species richness
by approximately six species (t = 6.797, p < 0.001). Gregory
Canyon tended to have higher bird species richness than
McClintock (t =−2.650, p = 0.017; electronic supplementary
material, table S2). Sound levels were significantly higher
during phantom chorus playback weeks than during non-
playback weeks on McClintock (LMER, t = 5.932, p < 0.001),
but were significantly lower during playback weeks than
non-playback weeks on Gregory Canyon (LMER, t =−2.048,
p < 0.001; electronic supplementary material, figure S1).
However, the differences were less than 1 dB in both contrasts.
Sound levels also increased across the season (LMER, t = 2.639,
p = 0.008; electronic supplementary material, table S3).
(b) Sample characteristics
Overall, the samples at Gregory Canyon and McClintock
appeared different (electronic supplementary material,
table S4). Respondents at McClintock were older and con-
tained more females when compared to Gregory Canyon
respondents. To evaluate for non-response bias, qualitative
comparisons were made between respondents in this study
and respondents in a recent study conducted in the same
area (table 2 of [57]). Differences existed when comparing
the overall sample in this study to that conducted from Van-
derWoude & Kellogg [57]. The sample within this study
appeared to be younger, out-of-state residents hiking in
larger groups. This indicates that there may be some character-
istic differences between the respondents in this current study
and the general visitor to Boulder OSMP, so caution should be
used in generalizing the results from this study to all visitors at
OSMP.

(c) Principal component analysis of perceived
restoration measures

KMO (0.916) and Bartlett’s test of sphericity ( p < 0.001)
indicated PCA was an appropriate method to apply.
Although the PCA succeeded in extracting four components,
several items cross-loaded (perceived restoration, ‘PR’ axes 1
and 11), and others had low loadings (less than 0.40; PR15).
We removed the cross-loaded and low loading items and
reran the PCA analysis. This PCA analysis also met the
assumptions for the analysis (KMO= 0.904; Bartlett’s test of
sphericity, p < 0.001) and extracted four components that
explained 69.70% of the variance in the data (see electronic
supplementary material, table S1). Reliability for three of
the components was sufficient (α > 0.65) and ranged from
0.85 to 0.90. However, the items of one component failed to
display acceptable reliability (α = 0.492), and thus the com-
ponent and items were removed from further analyses. This
left three useable components to inform future analyses. We
named these components according to Payne’s [46] previous
research: sound fascination, sound compatibility and sound
coherence (electronic supplementary material, table S1).

(d) Second-order confirmatory factor analysis for
perceived restoration measures

Using the results of the PCA, we constructed a second-order
CFA (electronic supplementary material, figure S2). In this
CFA, perceived psychological restoration was a second-
order factor consisting of three first-order factors: sound
fascination, sound compatibility and sound coherence.
Although both the χ2 (χ2 = 279.419, d.f. = 62, p < 0.001) and
BSboot ( p = 0.002) were significant, the rest of the GOF stat-
istics supported the model (RMSEA= 0.073; SRMR = 0.049;
CFI = 0.958; TLI = 0.947). Additionally, all factor loadings
were≥ 0.60 and statistically significant. Reliability for first-
order factors was already examined in the PCA (electronic
supplementary material, table S1), and reliability for the
second-order factor of perceived psychological restoration
was α = 0.77.

(e) Structural equation model of the phantom chorus,
perceived bird species diversity and perceived
psychological restoration

(i) McClintock trail
The χ2 (χ2 = 151.262, d.f. = 86, p < 0.001) for the SEM was
significant, but the rest of the GOF statistics supported the
model (BSboot, p = 0.088; RMSEA = 0.049; SRMR = 0.0427;
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CFI = 0.975; TLI = 0.970). Overall, the model explained
about 6% of the variance in perceived restoration (figure 3).
The model identified a significantly positive, but small
( p = 0.003) direct effect from the phantom chorus on
perceived bird species diversity (‘perceived biodiversity’ in
figure 3) [58]. There was also a small but significant
( p = 0.008) direct effect of perceived bird species diversity
on perceived psychological restoration [58]. However, there
was not a significant direct effect between the phantom
chorus and perceived psychological restoration ( p = 0.20). A
further look at the indirect effect between the phantom
chorus and perceived psychological restoration through per-
ceived bird species diversity revealed a small but significant
positive indirect effect (standardized indirect effect = 0.073;
p = 0.003). The lack of a direct effect between the phantom
chorus treatment and perceived psychological restoration in
conjunction with the presence of an indirect effect indicates
that perceived bird species biodiversity mediates the relation-
ship between the phantom chorus treatment and perceived
psychological restoration.
(ii) Gregory Canyon trail
The χ2 (χ2 = 242.601, d.f. = 86, p < 0.001) and BSboot ( p = 0.002)
for the SEM were significant, but the rest of the GOF statistics
supported the model (RMSEA= 0.072; SRMR = 0.056; CFI =
0.939; TLI = 0.925). Overall, the model explained about 2%
of the variance in perceived psychological restoration
(figure 3). The model showed the only significant effect
( p = 0.028) was a positive but small direct effect from the
phantom chorus on perceived psychological restoration
(figure 3) [58]. The indirect effect between the phantom
chorus and perceived psychological restoration through per-
ceived bird species diversity was not significant ( p = 0.478).
4. Discussion
We showed that the experimental addition of a phantom bird
chorus increased perceived psychological restoration of
hikers on both the McClintock and Gregory Canyon trails.
Our results add to a growing body of evidence linking
improvements in mental health to nature experiences [47].
Additionally, our study adds a novel field-based experimen-
tal approach to understand whether specific sensory
modalities are involved in acquiring psychological benefits
from nature. In general, our results provide mixed support
for the link between perceived biodiversity and human
well-being that has been reported previously [9,17,18]. At
the McClintock trail, the SEM supported previous research
demonstrating people perceive increases in biodiversity and
that it positively impacts their sense of well-being [17].
Additionally, the model suggests that the change in perceived
psychological restoration in response to the phantom chorus
was mediated by visitor perceptions of bird diversity. In
other words, increases in visitor perceptions of bird species
diversity may contribute to higher levels of perceived
psychological restoration and the perceptions of bird species
diversity were positively influenced by the phantom chorus.
Recent research has connected increased birdsong to human
well-being through concepts like attention restoration
[32,33]. The evidence from the McClintock trail SEM builds
on this connection by indicating that perceived biodiversity
may play a key role in the relationship between nature
exposure and perceived human health and well-being out-
comes, but its role may depend on context (see below).
Although some research has explored this area [17], future
inquiries should continue to refine this relationship between
perceived biodiversity and human health and well-being,
and also explore how forms of natural history-based
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recreation and nature study (e.g. hunting, fishing, rock
hounding, botanical sketching, insect collecting, mushroom
foraging, etc.) are related to perceived biodiversity and
human health and well-being.

In contrast to the results described above, the SEM
explaining results from the experiment at Gregory Canyon
was in line with the findings that show that people do not
perceive increases in biodiversity when it is elevated exper-
imentally [18]. Yet exposure to birdsong still improved
hikers’ perceived psychological restoration. Although these
results are quite different than the results at McClintock,
both SEMs demonstrated that the phantom chorus had a
positive impact on perceived psychological restoration,
either directly (at Gregory Canyon) or indirectly (at McClin-
tock) through perceived bird species diversity. Despite the
difference, the end product is clear: hearing more birds
improves perceived psychological restoration (electronic
supplementary material, figure S3).

Why the results differed between Gregory Canyon and
McClintock is unclear. Study attributes probably contributed
to the differences between trails and also to the relatively
small effects that we documented. Previous studies sugges-
tive of the positive influence of nature on well-being have
been based on living near greenspace [59] or have relied on
experiences with nature that last 90 min [60]. In our study,
visitors were only exposed to conditions on each trail for
7–10 min, thus it may not be surprising that the documented
effect was small. Other recent work suggests that increases in
self-reported well-being become apparent only for people
that spent at least 120 min in a natural area on a single visit
during the last seven days [61], although it was unclear
how multiple visits to natural areas and the time interval
between the natural experience and survey influenced these
results. Visitors in our study provided responses immediately
after exposure, raising questions about the longevity of any
benefits derived from exposure to nature. Thus, in addition
to more research focused on how perceptions of biodiversity
influence well-being, more work is needed to identify the
length of nature experiences necessary to obtain benefits of
nature, as are studies that evaluate how long benefits persist
and the conditions that prolong or degrade their persistence.

Besides the short duration of exposure, an explanation for
differences between trails that seems plausible in hindsight is
the different terrain at each trail affected hikers’ abilities to
perceive bird species diversity. Gregory Canyon is much stee-
per and rockier than McClintock, and it is possible that these
conditions demanded increased focus and attention to foot-
ing and movements at the expense of a conscious or
subconscious awareness of sounds. Differences in the charac-
teristics of the samples at Gregory Canyon and McClintock
could also have affected the results; particularly notable are
the differences in ages and proportion of out-of-state hikers
at each trail. Besides sample differences between trails,
there may also be limited generalizability to a greater popu-
lation, as this study was conducted in a geographically
constrained area with sample characteristics that differ from
overall characteristics across all Boulder OSMP locations
(electronic supplementary material, table S4).

Another explanation for variation in results between trails
could involve the different effects of the phantom chorus on
overall sound levels on the two trails. Unlike the increase in
sound levels during phantom playback on McClintock trail,
there were lower ambient sound levels during playback
versus control days at Gregory Canyon. There are no obvious
explanations for this difference. However, an intriguing pro-
spect for future research is the possibility that audible
birdsong and time spent talking among visitors negatively
covary. That is, the slightly higher sound levels on control
weeks could reflect more time spent talking among visitors
than during weeks with the phantom chorus. Use of wear-
able, ambulatory recording devices on hikers, similar to on-
animal recorders used in wildlife studies [62], could provide
a powerful approach for testing these possibilities.

Our results also provide insights into the utility of per-
ceived psychological restoration in psychological ecosystem
service research. Our analyses supported perceived psycho-
logical restoration as a second-order concept composed of
three first-order concepts: sound fascination, sound compat-
ibility and sound coherence. When compared with previous
research [46], our model displayed a different structure.
For instance, several items failed to display acceptable scale
measurement properties, such as reliability and sufficient
factor loadings. Future research should focus on continuing
to refine valid and reliable tools for measuring the
perceived psychological restoration scale, including configural
and metric invariance tests in diverse and cross-cultural
populations.

The finding that acoustic bird species diversity improves
visitors’ perceived psychological restoration has implications
beyond this study. Taken to its extreme, our findings could be
used to justify replacing real experiences in nature with
recordings of birdsong, potentially facilitating an even greater
disconnect between people and nature and straining already
difficult environmental conservation efforts. We should resist
temptations to substitute real experiences in nature with
copies of it for many reasons. Among them, a recent meta-
analysis found that real experiences in natural settings
improved mood better than virtual experiences [63]. Thus,
even though copies of natural stimuli abound, such as play-
back of a babbling creek in restaurants, products that make
the home smell like various natural environments or wall-
sized images of forests, if they provide restorative benefits,
they likely fail to provide the same benefit as the rich
multi-sensory experience of being in nature. Still, although
imitations of aspects of nature may not provide the same
benefit as the real thing, their use may still be beneficial for
populations that are disconnected to nature for reasons
beyond their immediate control. First, however, we should
untangle the multi-sensory natural experiences through crea-
tive experiments that can identify the singular and combined
effects of different sensory modalities involved in improved
well-being.

A second implication of our findings involves managing
protected areas to promote hearing natural sounds and
experiencing wildlife. Observing wildlife is a key motivation
to visit parks and protected areas [64], yet human presence
can reduce the abundance of wildlife or displace them
away from human activity, which makes them more difficult
to observe [65]. Recent research shows educational signs
instructing visitors to reduce their noise significantly reduced
noise levels, increased bird biodiversity, increased visitor
perceptions of bird biodiversity and improved visitor experi-
ences at Muir Woods National Monument [21,66]. This
simple, cost-effective measure could help mitigate noise
pollution and improve visitors’ experiences and well-being
in protected areas without restricting the number of visitors.
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Because an emotional affinity towards nature has been
shown to motivate conservation-oriented behaviours
[3,67,68], managing noise in parks has the potential to create
a feedback loop where increased biodiversity improves visi-
tors’ experiences, improves their well-being, and increases
their emotional affinity towards nature, thereby motivating
actions that will further benefit biodiversity (reviewed in
[28]). Further supporting this idea, Larson et al. [69] found
that birdwatching is linked to pro-environmental behaviours
(recycling, donating to environmental causes, etc.) both
directly and indirectly by strengthening participants’ attach-
ment to a place. Place attachment, or the positive emotional
connection that a person has with a particular environment,
is influenced by a variety of factors, which in a natural
setting can include things such as scenery, peacefulness or
wildlife [70]. Our study demonstrates the importance of
natural sounds to having positive experiences in nature,
which may further motivate pro-conservation behaviours. As
the world’s population grows and natural areas become
increasingly fragmented and impacted by noise, preserving
acoustic resources will be important for both biodiversity
and human well-being.
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