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It’s time to listen: there is much to be learned from the sounds of tropical ecosystems
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ABSTRACT
Knowledge that can be gained from acoustic data collection in tropical ecosystems is low-hanging fruit. There is every reason to record
and with every day, there are fewer excuses not to do it. In recent years, the cost of acoustic recorders has decreased substantially
(some can be purchased for under US$50, e.g., Hill et al. 2018) and the technology needed to store and analyze acoustic data is continuously improving (e.g., Corrada Bravo et al. 2017, Xie et al. 2017). Soundscape recordings provide a permanent record of a site at a
given time and contain a wealth of invaluable and irreplaceable information. Although challenges remain, failure to collect acoustic data
now in tropical ecosystems would represent a failure to future generations of tropical researchers and the citizens that beneﬁt from
ecological research. In this commentary, we (1) argue for the need to increase acoustic monitoring in tropical systems; (2) describe the
types of research questions and conservation issues that can be addressed with passive acoustic monitoring (PAM) using both shortand long-term data in terrestrial and freshwater habitats; and (3) present an initial plan for establishing a global repository of tropical
recordings.
Key words: conservation technology; ecoacoustics; passive acoustic monitoring; soundscape.

“The universe is your orchestra. Let nothing less be the territory of your new studies” Raymond Murray Schafer (1969)
In an era of rapid environmental change, remote sensing
methods are particularly important for ecology and conservation
biology because they produce consistent data streams that can be
analyzed over different spatial and temporal scales (Kerr &
Received 21 February 2018; revision accepted 8 June 2018.
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Ostrovsky 2003; Nagendra et al. 2013; Turner et al. 2003). Passive acoustic monitoring (PAM) is one way to characterize and
evaluate ecosystems remotely using sounds. First developed for
use in the marine realm (Tavolga 2012), autonomous recordings
can detect a range of sounds produced by natural and physical
phenomena (Krause 1987). The ‘soundscape’ includes all sounds
emanating from any given habitat, which can be classiﬁed with
respect to their source: geophony (climate and geography), biophony (all wildlife), and anthrophony (human activities;
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Pijanowski et al. 2011). Analysis and monitoring of these various
contributions to a soundscape can permit rapid assessment of
biodiversity as well as the health and stability of an ecosystem
(e.g., Blumstein et al. 2011, Pijanowski et al. 2011, Fuller et al.
2015, Bertucci et al. 2016, Burivalova et al. 2017, Deichmann
et al. 2017, Staaterman et al. 2017).

APPLICATIONS OF ECOACOUSTICS IN THE
TROPICS
Many tropical biologists have been startled by the sound of a
nearby treefall, while others have been warned of an oncoming
storm by croaking toucans or the presence of a predator by
screeching squirrel monkeys; yet many of us have never considered that these sounds are data that can be harnessed to answer
questions about tropical ecosystems. Here are a few examples of
the types of questions that can be answered using sounds:
POPULATION DYNAMICS AND ACTIVITY PATTERNS.—We know very little about natural activity ﬂuctuations within tropical forest communities, and perhaps even less in tropical freshwater systems. Thus, it
is difﬁcult to precisely assign causal relationships between human
activities and changes in biodiversity (Thompson 2003). For example, is the decline in abundance of a hornbill species in an Indonesian forest a part of a naturally occurring seasonal and superannual
ﬂuctuation pattern, or is the population actually decreasing due to
hunting, logging, and habitat loss? If measurements are taken during
a ‘low’ part of an undetected cycle, small population numbers could
make the impact of an otherwise-sustainable hunting practice appear
catastrophic. Alternatively, unsustainable hunting rates could be seen
as deceivingly benign if measurements were taken during a peak
time. Recording soundscapes regularly to span the natural cycles of
animal activity helps us correctly understand these patterns (Bridges
et al. 2000, Towsey et al. 2014, Linke et al. 1999), which otherwise
would be extremely difﬁcult to decipher using traditional biodiversity monitoring methods.
BROAD SPATIAL SCALES.—Our current methods for comparing biodiversity of multiple habitats (beta diversity) are insufﬁcient. This
task is notoriously difﬁcult in tropical forests and streams due to
the sheer number of species present and the amount of sampling
necessary. The ability to deploy multiple acoustic sensors across
landscapes in a short period of time enables simultaneous recording, which allows researchers to make meaningful comparisons
and tackle elusive patterns in tropical forest and freshwater fauna
(e.g., Bormpoudakis et al. 2013, Gasc et al. 2013, Rodriguez et al.
2014). For instance, PAM can improve our understanding of ecological processes across entire elevational gradients helping us to
track the impact of climate change on animal distributions (Campos-Cerqueira et al. 2017).
RAPID INVENTORIES AND SPECIES OF CONSERVATION CONCERN.—The
presence of rare and cryptic species in tropical habitats is difﬁcult
to detect in short trips to the ﬁeld (Thompson 2003, Plaisance
et al. 2011), but PAM methods have been successfully used to

detect such animals in densely forested habitats, producing results
that would otherwise require massive search efforts by ﬁeld
crews. For example, PAM has been used to estimate the presence
and abundance of African forest elephants (Loxodonta cyclotis)
inhabiting dense rain forests of Central Africa (Wrege et al. 2017)
as well as cryptic ﬁsh in tropical coastal habitats (Staaterman et al.
2017) and an endemic and threatened bird in Puerto Rican
mountains (Campos-Cerqueira & Aide 2016). Invasive species
such as ﬁsh (Rountree & Juanes 2017) and pest insects (Mankin
et al. 2011) have also been detected using PAM. Likewise, PAM
can detect the recovery of species extirpated from a site after natural disaster, disease, or other perturbation (Butler et al. 2016).
The ability for PAM data to be collected rapidly from many
places but analyzed later makes it a valuable tool for rapid inventories (Sueur et al. 2008, Ribeiro et al. 2017), which tend to be
costly and difﬁcult to fund.
HUMAN IMPACTS AND SHIFTING BASELINES.—Comparing soundscapes in areas under different management regimes allows for a
rapid understanding of the intensity of impact caused by different
human activities (e.g., Alvarez-Berrıos et al. 2016, Burivalova et al.
2017, Deichmann et al. 2017). Examples include changes in habitat structure (Tonolla et al. 2010, Geay et al. 2017) or levels of
hunting activity in protected areas (Astaras et al. 2017). Furthermore, acoustic data collected over the long-term can be used to
answer broader questions regarding the effects of environmental
change on species abundance, phenology, distribution (CamposCerqueira & Aide 2017, Campos-Cerqueira et al. 2017), and
behavior (Llusia et al. 2013, Narins & Meenderink 2014). For
example, acoustic monitoring has been used to demonstrate
changes in the seasonal onset of birdsong (Buxton et al. 2016),
which may be indicative of climatic inﬂuences on the timing of
reproduction. Acoustic ‘time-capsules’—measurements made in
the past or the present—will be critically important for similar
observations in the decades to come.

ADVANTAGES OF PASSIVE ACOUSTIC
MONITORING
Using PAM, rather than traditional methods, to monitor and analyze biodiversity will help us do a better job of understanding and
conserving tropical terrestrial and freshwater ecosystems. Netting,
trapping, distance sampling, visual transects, etc. are labor-intensive,
expensive, and logistically impractical in many places—often even
more so in the tropics than in the temperates. In addition, most
observations of animal behavior are inﬂuenced by human presence
and limited to daylight hours. Crucially, the autonomous nature of
acoustic sensors permits continuous collection of PAM data without biases from the ‘observer effect’ (Shonﬁeld & Bayne 2017).
PAM can cover broad spatial and temporal scales, including simultaneous and long-term monitoring, which is simply not possible
with traditional methods (Linke et al. 2018). This can even be done
in real time (e.g., Van Parijs et al. 2009, Aide et al. 2013), providing
researchers and managers with information necessary for immediate decision making, and make adaptive management more feasible.
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Finally, collection of big data through PAM creates permanent
records that can be reanalyzed when new analytical tools become
available, when additional research questions arise, or to compare
past to present conditions.
The related technique of camera trapping has greatly improved
our capacity to estimate species composition, abundance, and density of medium to large-bodied mammals and birds—groups that
are difﬁcult to study using traditional methods—in terrestrial (Burton et al. 2015) and arboreal habitats (Gregory et al. 2014). That
said, camera trapping is restricted to this subset of species (but see
Hobbs & Brehme 2017) and the detection range is relatively limited. PAM has the additional beneﬁt of having broader detection
ranges [e.g., maximum 1 km detection radius calculated for primate
sounds (Kalan et al. 2015); up to many km depending on frequency, microphone height, and habitat type (Darras et al. 2016)]
and sampling a wider range of taxonomic groups (Aide et al. 2017).
We consider camera trapping and acoustic monitoring to be complementary in terms of taxonomic groups and advocate the use of
both methods where possible.

CHALLENGES
While PAM holds many advantages over other methods, it would
be remiss not to recognize that challenges do exist. For example,
as with other methods that result in the collection of big data,
PAM faces the challenge of data storage and management. Storing recordings on multiple hard drives is not expensive, but it is
not a particularly effective way to encourage their use in analyses
by the broader community. Furthermore, extracting meaningful
biological information from recordings is complex. Automated
detection tools for species-level analyses have advanced signiﬁcantly over the last decade (e.g., Aide et al. 2013, Kalan et al.
2015, de Camargo et al. 2017). Still, there are limitations to automatic approaches because they can be initially time-consuming
and they require training data to create different classiﬁers for
different species as well as programming or signal processing
expertise to develop automated species identiﬁcation models. At
the soundscape level, many acoustic indices and soundscape analysis methods have been proposed and used for the assessment of
biodiversity (e.g., Sueur et al. 2008, Pieretti et al. 2011, VillanuevaRivera et al. 2011, Gasc et al. 2013, Fuller et al. 2015, Vega et al.
2016, Aide et al. 2017, Rankin & Axel 2017), yet there is no consensus to date as to which are most effective, primarily due to
the difﬁculties in generalizing across taxa and ecosystems (Buxton
et al. 2018). Existing indices can also be sensitive to geophony
such as rain, wind, and river ﬂow, or can be skewed by certain
acoustically dominant species (Staaterman et al. 2017, Linke et al.
1999). Most also lack measures of uncertainty (e.g., detection
probabilities)—an issue likely to be exacerbated in highly diverse
tropical habitats. Nevertheless, collection of acoustic data now
opens up the possibility of analyzing long time series of sounds
in the future as analytical methods become more advanced and
standardized—a possibility that can only be realized if we start
recording now.

3

BROADER IMPACTS OF ECOACOUSTICS
In addition to serving as permanent records of ecosystem health
and providing data for scientiﬁc research, animal sounds can
serve as an alluring tool for engaging public audiences. Camera
trapping has been successful for many reasons, but chief among
them is the charismatic nature of the resulting photographs—
who doesn’t smile when they see wildlife ‘selﬁes’ or animals
caught in the act of deﬁling a camera? We argue that sounds
can be just as captivating—many of us have seen public audiences become wide-eyed when we play them a unique, previously unknown animal sound. Ecoacousticians have successfully
enlisted the help of citizen scientists to gather data on bats (e.g.,
Bat Detective: www.batdetective.org) and birds (e.g., eBird: ebird.org) and to record soundscapes on a global scale (Record the
Earth: www.recordtheearth.org). Italian sound artist David
Monacchi’s Fragments of Extinction project, initiated in 2001,
records the world’s undisturbed primary equatorial forests to
highlight disappearing soundscapes and brings attention and
urgency to the ongoing loss of a ‘sonic heritage of millions of
years of evolution’ (Monacchi & Krause 2017). Ecological sound
art is an effective medium for science dissemination, and immersive experiences of soundscapes can engage listeners on an emotional level. This acts as a powerful and accessible tool for
inspiring public awareness about the value of ecoacoustics and
ecosystem health in general (Monacchi & Krause 2017), and its
efﬁcacy in driving behavior changes is another interesting topic
for scientiﬁc investigation.

A WAY FORWARD
With the increasing popularity of PAM and rapid ﬂurry of analytical tools, it is now necessary to take advantage of obvious
opportunities for acoustic data collection, to develop standards
for data collection that allow cross-site comparisons and to create
an open repository to store, visualize, and share recordings.
COLLECT MORE DATA.—Just as a meteorological station has
become a standard and invaluable accessory at biological ﬁeld
stations, there should also be a permanent acoustic recorder.
Anyone can put out a recorder, and researchers with long-term
ﬁeld programs are in a particularly good position to conduct
passive acoustic monitoring for biodiversity. Long-term research
sites typically have metadata related to vegetation composition
and structure, faunal richness and abundance, and/or physical
landscape variables that can be used together with acoustic
data to create and validate population, community, and soundscape monitoring models. Detailed methods for collecting ecoacoustic data and a review of available hardware can be found
in WWF’s guide to acoustic monitoring (Browning et al. 2017);
we encourage researchers to consult this report and take
advantage of their ﬁeld sites by beginning to compile invaluable
long-term acoustic datasets that will contribute to creating a
global database.
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STANDARDIZED ACOUSTIC DATA COLLECTION.—To build a comprehensive PAM program, one needs to acquire the necessary hardware and software, develop a method for data collection, and
determine a plan for storage of acoustic data ﬁles and associated
metadata. While we understand that every PAM project will have
speciﬁc requirements to address the research questions of interest, the best way to maximize the utility of any PAM effort is to
follow a standard storage and metadata protocol. We strongly
encourage researchers to use the data storage and metadata standards proposed by Roch et al. (2016). When acoustic data are
organized and annotated in a uniform way, it allows other
researchers (present-day or future) to utilize the data for additional questions.
A GLOBAL DATABASE.—With global data being increasingly publicly
available in the ecological sciences (e.g., TRY, GBIF, GenBank,
BOLD, eMammal), only a limited fraction meets the best practices standards deﬁned by Joppa et al. (2016). Ideally, data should
be freely available at high spatial resolution, up-to-date, userfriendly and assessed for accuracy, thereby increasing our ability
to answer broad questions and improve its utility for conservation management. The Macaulay Library (https://www.macaulayli
brary.org/) and xeno-canto (https://www.xeno-canto.org/) are
two large databases that house bioacoustic data, but only the latter allows full-soundscape recordings to be uploaded. Existing
ecoacoustics databases include ARBIMON (https://arbimon.sie
ve-analytics.com/home), the Remote Environmental Assessment
Laboratory (REAL, http://lib.real.msu.edu/), Ecosounds (http://
ecosounds.org), and the Center for Global Soundscapes
(https://centerforglobalsoundscapes.org), although only the ﬁrst
allows users to upload their own data. For marine acoustic data,
there is support across US federal agencies to archive PAM
recordings at the National Center for Environmental Information
(NCEI); terrestrial and freshwater ecologists must follow suit. A
free platform for soundscape storage to enable future temporal
and spatial comparisons is absolutely necessary to advance tropical ecology and conservation.

CONCLUSION
We are convinced that PAM is a powerful tool that can be used
to assess biodiversity over a range of spatial and temporal scales
and can detect rare species, human impacts, and climatic shifts.
Just as a plant or animal voucher specimen can provide information on diet, disease, and evolutionary relationships, so too can a
sound recording provide information on species occurrence, density, distribution, phenology, inter- and intraspeciﬁc communication, and much more. The rapid proliferation of acoustic
recorders and analysis algorithms makes this an exciting frontier
in tropical ecology, yet we urge scientists to create standards in
our approach to data collection, analysis, and archiving that will
amplify the utility of recordings. What PAM can reveal will be
invaluable in future decades as tropical ecosystems continue to
change.

ACKNOWLEDGMENTS
We thank the participants and attendees of the ‘Quantitative
acoustic ecology: Using sound in tropical biodiversity
research and conservation’ symposium at the ATBC meeting
in Merida, 2017, for insightful presentations and discussion
of the need for documenting soundscapes in tropical ecosystems. We also thank two anonymous reviewers for providing
feedback that improved the commentary. JLD was supported
by the Center for Conservation and Sustainability at the
Smithsonian Conservation Biology Institute; MCC acknowledges the support of the Brazilian Ministry of Education
(CAPES); AKK was supported by the Max Planck Society;
LDN was supported by the Brazilian National Council of
Scientiﬁc and Technological Development (CNPq) 203230/
2015-9 and Ecology Center USU; BCP has been supported
by funds from Purdue University, the Ofﬁce of the Executive Vice President for Research and Engagement, College of
Agriculture Deans Ofﬁce, NSF Coupled Natural and Human
Systems Program, NSF Advancing Informal STEM Learning,
and the USDA McIntire-Stennis Program; BLG has been
supported by the Lynne Fellowship Program, Graduate
School, Purdue University, and the Wright Forestry Fund,
Department of Forestry and Natural Resources, Purdue
University; SL was supported by the Australian Research
Council DECRA DE130100565.

LITERATURE CITED
AIDE, T. M., C. CORRADA-BRAVO, M. CAMPOS-CERQUEIRA, C. MILAN, G. VEGA,
AND R. ALVAREZ. 2013. Real-time bioacoustics monitoring and automated species identiﬁcation. PeerJ 1: e103.

AIDE, T. M., A. HERNANDEZ
-SERNA, M. CAMPOS-CERQUEIRA, O. ACEVEDOCHARRY, AND J. L. DEICHMANN. 2017. Species richness (of insects)
drives the use of acoustic space in the tropics. Remote Sens. 9: 1096.

ALVAREZ-BERRIOS, N., M. CAMPOS-CERQUEIRA, A. HERNANDEZ
-SERNA, C. J.
 -DANOBEYTIA
~
AMANDA DELGADO, F. ROMAN
, AND T. M. AIDE. 2016.
Impacts of small-scale gold mining on birds and anurans near the
Tambopata Natural Reserve, Peru, assessed using Passive Acoustic
Monitoring. Trop. Conserv. Sci. 9: 832–851.
ASTARAS, C., J. M. LINDER, P. WREGE, R. D. ORUME, AND D. W. MACDONALD.
2017. Passive acoustic monitoring as a law enforcement tool for
Afrotropical rainforests. Front. Ecol. Environ. 15: 233–234.
BERTUCCI, F., E. PARMENTIER, G. LECELLIER, A. D. HAWKINS, AND D. LECCHINI.
2016. Acoustic indices provide information on the status of coral
reefs: An example from Moorea Island in the South Paciﬁc. Sci. Rep.
6: 33326.
BLUMSTEIN, D. T., D. J. MENNILL, P. CLEMINS, L. GIROD, K. YAO, G. PATRICELLI, J. L. DEPPE, A. H. KRAKAUER, C. CLARK, K. A. CORTOPASSI, S.
F. HANSER, B. MCCOWAN, A. M. ALI, AND A. N. G. KIRSCHEL. 2011.
Acoustic monitoring in terrestrial environments using microphone
arrays: Applications, technological considerations and prospectus. J.
Appl. Ecol. 48: 758–767.
BORMPOUDAKIS, D., J. SUEUR, AND J. D. PANTIS. 2013. Spatial heterogeneity of
ambient sound at the habitat type level: Ecological implications and
applications. Landscape Ecol. 28: 495–506.
BRIDGES, A. S., M. E. DORCAS, AND W. L. MONTGOMERY. 2000. Temporal variation in anuran calling behavior: Implications for surveys and monitoring programs. Copeia 2000: 587–592.

It’s Time to Listen

BROWNING, E., R. GIBB, P. GLOVER-KAPFER, AND K. E. JONES. 2017. Passive
Acoustic Monitoring in Ecology and Conservation. WWF-UK, Woking, UK.
BURIVALOVA, Z., M. TOWSEY, T. BOUCHER, A. TRUSKINGER, C. APELIS, P. ROE,
AND E. T. GAME. 2017. Using soundscapes to detect variable degrees
of human inﬂuence on tropical forests in Papua New Guinea. Conserv. Biol. 1–11.
BURTON, A. C., E. NEILSON, D. MOREIRA, A. LADLE, R. STEENWEG, J. T.
FISHER, E. BAYNE, AND S. BOUTIN. 2015. Wildlife camera trapping: A
review and recommendations for linking surveys to ecological processes. J. Appl. Ecol. 52: 675–685.
BUTLER, J., J. A. STANLEY, AND M. J. BUTLER IV. 2016. Underwater soundscapes
in near-shore tropical habitats and the effects of environmental degradation and habitat restoration. J. Exp. Mar. Biol. Ecol. 479: 89–96.
BUXTON, R. T., E. BROWN, L. SHARMAN, C. M. GABRIELE, AND M. F.
MCKENNA. 2016. Using bioacoustics to examine shifts in songbird
phenology. Ecol. Evol. 6: 4697–4710.
BUXTON, R., M. F. MCKENNA, M. CLAPP, E. MEYER, E. STABENAU, L. M. ANGELONI, K. CROOKS, AND G. WITTEMYER. 2018. Efﬁcacy of extracting indices
from large-scale acoustic recordings to monitor biodiversity. Conserv.
Biol. https://onlinelibrary.wiley.com/doi/abs/10.1111/cobi.13119
de CAMARGO, U. M., P. SOMERVUO, AND O. OVASKAINEN. 2017. PROTAXSound: A probabilistic framework for automated animal sound identiﬁcation. PLoS ONE 12: e0184048.
CAMPOS-CERQUEIRA, M., AND T. M. AIDE. 2016. Improving distribution data
of threatened species by combining acoustic monitoring and occupancy modelling. Methods Ecol. Evol. 7: 1340–1348.
CAMPOS-CERQUEIRA, M., AND T. M. AIDE. 2017. Lowland extirpation of anuran
populations on a tropical mountain. PeerJ 5: e4059.
CAMPOS-CERQUEIRA, M., W. J. ARENDT, J. M. WUNDERLE, AND T. M. AIDE.
2017. Have bird distributions shifted along an elevational gradient on
a tropical mountain? Ecol. Evol. 7: 9914–9924.
 LVAREZ BERRIOS, AND T. M. AIDE. 2017. SpeciesCORRADA BRAVO, C. J., R. A
speciﬁc audio detection: A comparison of three template-based detection algorithms using random forests. PeerJ Comp. Sci. 3: e113.
€ , K. REMBOLD. FAHRURROZI, AND T. TSCHARNTKE. 2016.
DARRAS, K., P. PUTZ
Measuring sound detection spaces for acoustic animal sampling and
monitoring. Biol. Cons. 201: 29–37.

DEICHMANN, J. L., A. HERNANDEZ
-SERNA, J. A. DELGADO C, M. CAMPOS-CERQUEIRA, AND T. M.
AIDE. 2017. Soundscape analysis and acoustic
monitoring document impacts of natural gas exploration on biodiversity in a tropical forest. Ecol. Ind. 74: 39–48.
FULLER, S., A. C. AXEL, D. TUCKER, AND S. H. GAGE. 2015. Connecting
soundscape to landscape: Which acoustic index best describes landscape conﬁguration? Ecol. Ind. 58: 207–215.
GASC, A., J. SUEUR, S. PAVOINE, R. PELLENS, AND P. GRANDCOLAS. 2013. Biodiversity sampling using a global acoustic approach: Contrasting sites
with microendemics in New Caledonia. PLoS ONE 8: e65311.
GEAY, T., P. BELLEUDY, C. GERVAISE, H. HABERSACK, J. AIGNER, A. KREISLER,
H. SEITZ, AND J. B. LARONNE. 2017. Passive acoustic monitoring of
bed load discharge in a large gravel bed river. J. Geophys. Res., series
F 122: 528–545.
GREGORY, T., F. C. RUEDA, J. DEICHMANN, J. KOLOWSKI, AND A. ALONSO. 2014.
Arboreal camera trapping: Taking a proven method to new heights.
Methods Ecol. Evol. 5: 443–451.
~ COVARRUBIAS, C. P. DONCASTER, J. L. SNADDON,
HILL, A. P., P. PRINCE, E. PINA
AND A. ROGERS. 2018. AudioMoth: Evaluation of a smart open acoustic device for monitoring biodiversity and the environment. Methods
Ecol. Evol. 9: 1199–1211.
HOBBS, M. T., AND C. S. BREHME. 2017. An improved camera trap for
amphibians, reptiles, small mammals, and large invertebrates. PLoS
ONE 12: e0185026.
JOPPA, L. N., B. O’CONNOR, P. VISCONTI, C. SMITH, J. GELDMANN, M. HOFFMANN, J. E. M. WATSON, S. H. M. BUTCHART, M. VIRAH-SAWMY, B. S.
HALPERN, S. E. AHMED, A. BALMFORD, W. J. SUTHERLAND, M. HARFOOT,

5

C. HILTON-TAYLOR, W. FODEN, E. D. MININ, S. PAGAD, P. GENOVESI, J.
HUTTON, AND N. D. BURGESS. 2016. Filling in biodiversity threat gaps.
Science 352: 416–418.
KALAN, A. K., R. MUNDRY, O. J. J. WAGNER, S. HEINICKE, C. BOESCH, AND H.
€ . 2015. Towards the automated detection and occupancy estiS. KUHL
mation of primates using passive acoustic monitoring. Ecol. Ind. 54:
217–226.
KRAUSE, B.. 1987. Bio-acoustics: Habitat ambience and ecological balance.
Whole Earth Rev. 57: 14–17.
LINKE, S., E. DECKER, C. DESJONQUE RES, AND T. GIFFORD. 1999. Temporal
variation in underwater soundscapes: Implications for monitoring.
Freshw. Biol. 42: 575–584.
LINKE, S., T. GIFFORD, C. DESJONQUE RES, D. TONOLLA, T. AUBIN, L. BARCLAY,
C. KARACONSTANTIS, M. J. KENNARD, F. RYBAK, AND J. SUEUR. 2018.
Freshwater ecoacoustics as a tool for continuous ecosystem monitoring. Front. Ecol. Environ. 16: 231–238.

 , M. BENITEZ, AND J. P. DO AMARAL.
LLUSIA, D., R. MARQUEZ
, J. F. BELTRAN
2013. Calling behaviour under climate change: Geographical and seasonal variation of calling temperatures in ectotherms. Glob. Change
Biol. 19: 2655–2674.
MANKIN, R. W., D. W. HAGSTRUM, M. T. SMITH, A. L. RODA, AND M. T. K.
KAIRO. 2011. Perspective and promise: A Century of insect acoustic
detection and monitoring. Am. Entomol. 57: 30–44.
MONACCHI, D., AND B. KRAUSE. 2017. Ecoacoustics and its expression through
the voice of the arts: An essay. In A. Farina, and S. H. Gage (Eds.).
Eco Acoustics: The Ecological Role of Sounds, pp. 297–311. Wiley,
Hoboken, NJ.
NARINS, P. M., AND S. W. F. MEENDERINK. 2014. Climate change and frog
calls: Long-term correlations along a tropical altitudinal gradient. Proc.
R. Soc. B: Biol. Sci. 281: 20140401.
PIERETTI, N., A. FARINA, AND D. MORRI. 2011. A new methodology to infer
the singing activity of an avian community: The Acoustic Complexity
Index (ACI). Ecol. Ind. 11: 868–873.
PIJANOWSKI, B. C., L. J. VILLANUEVA-RIVERA, S. L. DUMYAHN, A. FARINA, B. L.
KRAUSE, B. M. NAPOLETANO, S. H. GAGE, AND N. PIERETTI. 2011.
Soundscape Ecology: The science of sound in the landscape. Bioscience 61: 203–216.
PLAISANCE, L., M. J. CALEY, R. E. BRAINARD, AND N. KNOWLTON. 2011. The
diversity of coral reefs: What are we missing? PLoS ONE 6: e25026.
RANKIN, L., AND A. C. AXEL. 2017. Biodiversity Assessment in Tropical
Biomes Using Ecoacoustics: Linking Soundscape to Forest Structure
in a Human-dominated Tropical Dry Forest in Southern Madagascar.
Ecoacoustics, pp. 129–145. John Wiley & Sons, Ltd, Hoboken, NJ.
RIBEIRO, J. W., L. S. M. SUGAI, AND M. CAMPOS-CERQUEIRA. 2017. Passive
acoustic monitoring as a complementary strategy to assess biodiversity
in the Brazilian Amazonia. Biodivers. Conserv. 26: 2999–3002.
ROCH, M. A., H. BATCHELOR, S. BAUMANN-PICKERING, C. L. BERCHOK, D. CHOLEWIAK, E. FUJIOKA, E. C. GARLAND, S. HERBERT, J. A. HILDEBRAND, E.
M. OLESON, S. Van PARIJS, D. RISCH, A. SIROVIC , AND M. S. SOLDEVILLA. 2016. Management of acoustic metadata for bioacoustics. Ecol.
Inform. 31: 122–136.
RODRIGUEZ, A., A. GASC, S. PAVOINE, P. GRANDCOLAS, P. GAUCHER, AND J.
SUEUR. 2014. Temporal and spatial variability of animal sound within a
neotropical forest. Ecol. Inform. 21: 133–143.
ROUNTREE, R. A., AND F. JUANES. 2017. Potential of passive acoustic recording
for monitoring invasive species: Freshwater drum invasion of the
Hudson River via the New York canal system. Biol. Invasions 19:
2075–2088.
SCHAFER, R. M. 1969. The New Soundscape: A Handbook for the Modern
Music Teacher. Berandol Music Limited, Toronto, ON.
SHONFIELD, J., AND E. M. BAYNE. 2017. Autonomous recording units in avian
ecological research: current use and future applications. Avian Conserv. Ecol. 12: 1–13. https://doi.org/10.5751/ACE-00974-120114.
STAATERMAN, E., M. B. OGBURN, A. H. ALTIERI, S. J. BRANDL, R. WHIPPO, J. SEEMANN, M. GOODISON, AND J. E. DUFFY. 2017. Bioacoustic measurements

6

Deichmann et al.

complement visual biodiversity surveys: Preliminary evidence from four
shallow marine habitats. Mar. Ecol. Prog. Ser. 575: 207–215.
SUEUR, J., S. PAVOINE, O. HAMERLYNCK, AND S. DUVAIL. 2008. Rapid acoustic
survey for biodiversity appraisal. PLoS ONE 3: e4065.
TAVOLGA, W. N. 2012. Listening backward: Early days of marine bioacoustics.
In A. N. Popper, and A. D. Hawkins (Eds.). The Effects of Noise on
Aquatic Life, p. 695. Springer-Verlag, New York, NY.
THOMPSON, W. L. 2003. Sampling Rare or Elusive Species: Concepts, Designs
and Techniques for Estimating Population Parameters. Island Press ,
Washington, DC.
~ , M. S. LORANG, K. HEUTSCHI, AND K. TOCKNER.
TONOLLA, D., V. ACUNA
2010. A ﬁeld-based investigation to examine underwater soundscapes
of ﬁve common river habitats. Hydrol. Process. 24: 3146–3156.
TOWSEY, M., L. ZHANG, M. COTTMAN-FIELDS, J. WIMMER, J. ZHANG, AND P.
ROE. 2014. Visualization of long-duration acoustic recordings of the
environment. Procedia Comp. Sci. 29: 703–712.

Van PARIJS, S. M., C. W. CLARK, R. S. SOUSA-LIMA, S. E. PARKS, S. RANKIN, D.
RISCH, AND I. C. Van OPZEELAND. 2009. Management and research
applications of real-time and archival passive acoustic sensors over
varying temporal and spatial scales. Mar. Ecol. Prog. Ser. 395: 21–36.
VEGA, G., C. J. CORRADA-BRAVO, AND T. M. AIDE. 2016. Audio segmentation
using Flattened Local Trimmed Range for ecological acoustic space
analysis. PeerJ Comp. Sci. 2: e70.
VILLANUEVA-RIVERA, L., B. PIJANOWSKI, J. DOUCETTE, AND B. PEKIN. 2011. A
primer of acoustic analysis for landscape ecologists. Landscape Ecol.
26: 1233–1246.
WREGE, P. H., E. D. ROWLAND, S. KEEN, AND Y. SHIU. 2017. Acoustic monitoring for conservation in tropical forests: Examples from forest elephants. Methods Ecol. Evol. 8: 1292–1301.
XIE, J., M. TOWSEY, M. ZHU, J. ZHANG, AND P. ROE. 2017. An intelligent system for estimating frog community calling activity and species richness. Ecol. Ind. 82: 13–22.

