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Abstract

Background: Ecological research now deals increasingly with the effects of noise pollution on biodiversity. Indeed,
many studies have shown the impacts of anthropogenic noise and concluded that it is potentially a threat to the
persistence of many species. The present work is a systematic map of the evidence of the impacts of all anthropo-
genic noises (industrial, urban, transportation, etc.) on biodiversity. This report describes the mapping process and the
evidence base with summary figures and tables presenting the characteristics of the selected articles.

Methods: The method used was published in an a priori protocol. Searches included peer-reviewed and grey litera-
ture published in English and French. Two online databases were searched using English terms and search consist-
ency was assessed with a test list. Supplementary searches were also performed (using search engines, a call for
literature and searching relevant reviews). Articles were screened through three stages (titles, abstracts, full-texts). No
geographical restrictions were applied. The subject population included all wild species (plants and animals exclud-
ing humans) and ecosystems. Exposures comprised all types of man-made sounds in terrestrial and aquatic media,
including all contexts and sound origins (spontaneous or recorded sounds, in situ or laboratory studies, etc.). All rel-
evant outcomes were considered (space use, reproduction, communication, etc.). Then, for each article selected after
full-text screening, metadata were extracted on key variables of interest (species, types of sound, outcomes, etc.).

Review findings: Our main result is a database that includes all retrieved literature on the impacts of anthropogenic
noise on species and ecosystems, coded with several markers (sources of noise, species concerned, types of impacts,
etc.). Our search produced more than 29,000 articles and 1794 were selected after the three screening stages (1340
studies (i.e. primary research), 379 reviews, 16 meta-analyses). Some articles (n=19) are written in French and all oth-
ers are in English. This database is available as an additional file of this report. It provides an overview of the current
state of knowledge. It can be used for primary research by identifying knowledge gaps or in view of further analysis,
such as systematic reviews. It can also be helpful for scientists and researchers as well as for practitioners, such as
managers of transportation infrastructure.

Conclusion: The systematic map reveals that the impacts of anthropogenic noises on species and ecosystems

have been researched for many years. In particular, some taxonomic groups (mammals, birds, fishes), types of noise
(transportation, industrial, abstract) and outcomes (behavioural, biophysiological, communication) have been studied
more than others. Conversely, less knowledge is available on certain species (amphibians, reptiles, invertebrates),
noises (recreational, military, urban) and impacts (space use, reproduction, ecosystems). The map does not assess

the impacts of anthropogenic noise, but it can be the starting point for more thorough synthesis of evidence. After a
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critical appraisal, the included reviews and meta-analyses could be exploited, if reliable, to transfer the already synthe-
sized knowledge into operational decisions to reduce noise pollution and protect biodiversity.

Keywords: Man-made sounds, Anthropogenic sounds, Auditory masking, Acoustic stimuli, Traffic, Urbanization,

Species loss, Natural habitats, Ecosystems

Background

For decades, biodiversity has suffered massive losses
worldwide. Species are disappearing [1], populations are
collapsing [2], species’ ranges are changing (both shrink-
ing and expanding) at unprecedented rates [3] and com-
munities are being displaced by invasive alien species
[4]. All of the above is caused by human activities and
scientists regularly alert the international community to
our responsibility [5]. In particular, urban growth is one
of the major reasons for biodiversity loss [6, 7] in that it
destroys natural habitats, fragments the remaining eco-
systems [8] and causes different types of pollution, for
example, run-off, waste and artificial light impacting
plants and animals [9, 10]. Similarly, man-made sounds
are omnipresent in cities, stemming from traffic and
other activities (industrial, commercial, etc.) [11] and
they can reach uninhabited places [12]. Anthropogenic
noise can also be generated far from cities (e.g. tourism in
a national park, military sonar in an ocean, civil aircraft
in the sky).

Many studies have shown that such sounds may have
considerable impact on animals. However, sound is
not a problem in itself. A majority of species hear and
emit sounds [13]. Sounds are often used to commu-
nicate between partners or conspecifics, or to detect
prey or predators. The problem arises when sounds
turn into “noise’, which depends on each species (sen-
sitivity threshold) and on the type of impact generated
(e.g. disturbances, avoidance, damage). In this case, we
may speak of “noise pollution” For instance, man-made
sounds can mask and inhibit animal sounds and/or ani-
mal audition and it has been shown to affect communi-
cation [14], use of space [15] and reproduction [16]. This
problem affects many biological groups such as birds
[17], amphibians [18], reptiles [19], fishes [20], mammals
[21] and invertebrates [22]. It spans several types of eco-
systems including terrestrial [23], aquatic [24] and coastal
ecosystems [25]. Many types of sounds produced by
human activities can represent a form of noise pollution
for biodiversity, including traffic [26], ships [27], aircraft
[28] and industrial activities [29]. Noise pollution can
also act in synergy with other disturbances, for example
light pollution [30].

Despite this rich literature, a preliminary search did
not identify any existing systematic maps pertaining
to this issue. Some reviews or meta-analyses have been

published, but most concern only one biological group,
such as Morley et al. [31] on invertebrates, Patricelli and
Blickley [32] on birds and Popper and Hastings [33] on
fishes. Other syntheses are more general and resemble
somewhat a systematic map, but their strategies seem
to be incomplete. For instance, Shannon et al. [34] per-
formed their literature search on only one database (ISI
Web of Science within selected subject areas) and did
not include grey literature. As another example, we can
cite Rocca et al. in 2016, a meta-analysis that limited its
population to birds and amphibians and its outcome to
vocalization adjustment [35]. As a consequence, a more
comprehensive map, covering all species and ecosys-
tems, all sources of man-made sounds and all outcomes,
and implementing a deeper search strategy (e.g. several
databases, grey literature included) is needed to provide a
complete overview for policy and practice.

This report presents a systematic map of evidence of
the impact of noise pollution on biodiversity based on an
a priori method published in a peer-reviewed protocol
[36]. It describes the mapping process and the evidence
base. It includes aggregate data and tables presenting the
characteristics of the selected articles to highlight gaps
in the literature concerning the issue. A database was
produced in conjunction with this report, containing
metadata for each selected article including key variables
(species, types of sound, effects, etc.).

Stakeholder engagement

The current systematic map is managed by the UMS Pat-
rimoine Naturel joint research unit funded by the French
Biodiversity Agency (OFB), the National Scientific
Research Center (CNRS) and the National Museum of
Natural History (MNHN), in a partnership with INRAE.
Our institutions act on behalf of the French Ecology Min-
istry and provide technical and scientific expertise to
support public policies on biodiversity.

We identified noise pollution as an emergent threat for
species and ecosystems that public authorities and practi-
tioners will have to mitigate in the coming years. Indeed,
for decades, noise regulations have focused primarily on
the disturbances for humans, but we expect that public
policies for biodiversity conservation will start to pay
more attention to this threat. Already, in 1996, for the
first time, the European Commission’s Green Paper on
Future Noise Control Policy dealt with noise pollution
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All anthropogenic sounds (e.g. traffic, urban, aircraft, industry, ships, etc.) in all environments and media (terrestrial, aquatic), for all con-

texts and origins (spontaneous or recorded, in situ or in the lab, etc)) and for all types of sound (including ultrasounds, infrasounds,

Conditions before and after exposure to sound (temporal comparator) or population exposed and not exposed to sound (spatial

Population All wild species (plants, animals, but excluding humans) and ecosystems
Exposure
etc)
Comparator
comparator)
Outcomes

All outcomes related to the studied population, including but not restricted to biology/physiology (e.g. heart rate), use of space (e.g.

species distribution, individual movements), intra- and interspecific communication (e.g. song frequencies), species reproduction,

ecosystem composition (e.g. species richness, abundance)

from the point of view of environmental protection.
Quiet areas are also recommended to guarantee the tran-
quility of fauna in Europe [37]. Since 2000 in France, an
article in the Environmental Code (art. L571-1) has con-
tained the terms “harms the environment” with respect
to disturbances due to noise. To achieve these objec-
tives, a knowledge transfer from research to stakeholders
is needed for evidence-based decisions. We expect that
concern for the impacts of noise pollution on biodiver-
sity will develop along the same lines that it did for light
pollution, which is now widely acknowledged by society.
Anticipating this progress, we proposed to the French
Ecology Ministry that we produce a systematic map of
the impacts of noise on biodiversity in view of drafting
a report on current knowledge and identifying sectors
where research is needed to fill in knowledge gaps.

Objective of the review
The objective of the systematic map is to provide a com-
prehensive overview of the available knowledge on the
impacts of noise pollution on species and ecosystems
and to quantify the existing research in terms of the taxo-
nomic groups, sources of noise and impact types studied.
The systematic map covers all species and ecosystems.
In that we are currently not able to say exactly when a
sound becomes a noise pollution for species (which is
precisely why a systematic map and reviews are needed
on this topic), this map covers all man-made sounds,
regardless of their characteristics (e.g. frequency, speed,
intensity), their origin (road traffic, industrial machines,
boats, planes, etc.), their environment or media (terres-
trial, aquatic, aerial) and their type (infrasound, ultra-
sound, white noise, etc.), and in most cases here uses
the term “noise” or “noise pollution”. It does not include
sounds made by other animals (e.g. chorus frogs) or natu-
ral events (e.g. thunder, waterfalls). The systematic map
deals with all kinds of impacts, from biological to eco-
logical impacts (use of space, reproduction, communica-
tion, abundance, etc.). It encompasses in situ studies as
well as ex situ studies (aquariums, laboratories, cages,

etc.). The components of the systematic map are detailed
in Table 1.

The primary question is: what is the evidence that man-
made noise impacts biodiversity?

The secondary question is: which species, types of
impacts and types of noise are most studied?

Methods

The method used to produce this map was published in
an a priori peer-reviewed protocol by Sordello et al. [36].
Deviations are listed below. The method follows the Col-
laboration for Environmental Evidence (CEE) Guidelines
and Standards for Evidence Synthesis in Environmental
Management [38] unless noted otherwise, and this paper
conforms to ROSES reporting standards [39] (see Addi-
tional file 1).

Deviation from the a priori protocol published by Sordello
etal.[36]

Method enhancements

We reinforced the search strategy with:

+ a search performed on both CORE and BASE,
whereas the protocol was limited to a search on only
one of these two search engines,

+ export of the first 1000 hits for each search string run
on Google Scholar, whereas the protocol foresaw the
export of the first 300 hits,

+ extraction of the entire bibliography of 37 key
reviews selected from the previously provided corpus
whereas the protocol did not foresee this option.

Method downgrades
Because of our resource limitations:

+ we could not extract the design comparator (e.g. CE,
BAE, BACE),

+ we could not split each article included in the map
into several entries (i.e. a book with several chap-
ters, a proceeding with multiple abstracts, a study
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with several species, sources of noise or outcomes).
Consequently, we coded the multiple aspects of these
articles on one line in the map database.

Search for articles
Languages
Searches were performed using exclusively English
search terms. The list of search terms is presented below
(see “Search string”).

Only studies published in English and in French were
included in this systematic map, due to limited resources
and the languages understood by the map team.

Search string
The following search string was built (see Additional
file 2, section I for more details on this process):
((TI=(noise OR sound$) OR TS=(“masking audi-
tory” OR “man-made noise” OR “anthropogenic noise”
OR “man-made sound$” OR “music festival$” OR ((pol-
lution OR transportation OR road$ OR highway$ OR
motorway$ OR railway$ OR traffic OR urban OR city
OR cities OR construction OR ship$ OR boat$ OR port$
OR aircraft$ OR airplane$ OR airport$ OR industr* OR
machinery OR “gas extraction” OR mining OR drill-
ing OR pile-driving OR “communication network$” OR
“wind farm$” OR agric* OR farming OR military OR
gun$ OR visitor$) AND noise))) AND TS =(ecolog* OR
biodiversity OR ecosystem$ OR “natural habitat$” OR
species OR vertebrate$ OR mammal$ OR reptile$ OR
amphibian$ OR bird$ OR fish* OR invertebrate$ OR
arthropod$ OR insect$ OR arachnid$ OR crustacean$
OR centipede$)).

Comprehensiveness of the search

A test list of 65 scientific articles was established (see
Additional file 2, section II) to assess the comprehensive-
ness of the search string. The test list was composed of
the three groups listed below.

1. Forty relevant scientific articles identified by the map
team prior to the review.

2. Eight key articles identified using three relevant
reviews: Brumm, 2010 (two articles) [40], Cerema,
2007 (three articles) [41] and Dutilleux and Fontaine,
2015 (three articles) [42].

3. Seventeen studies not readily accessible or indexed
by the most common academic databases, submitted
by subject experts contacted prior to the review (29
subject experts were contacted, 7 responded).
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Bibliographic databases
The two databases below were searched (see Additional
file 2, section III for more details on database selection):

+ “Web of Science Core Collection” on the Web of
Science platform (Clarivate) using the access rights
of the French National Museum of Natural History,
using the search string described above. The search
covered SCI-EXPANDED, SSCI, A&HCI, CPCI-S,
CPCI-SSH, BKCI-S, BKCI-SSH, ESCI and CCR-
EXPANDED (see Additional file 2, section III for the
complete list of citation indexes). A first request was
run on 14 December 2018, without any timespan
restriction, and returned 7859 citations. Secondly, an
update request, restricted to 2019, was performed,
using the same search string and citation indexes, on
6 May 2020, to collect the documents published in
2019. 685 citations were exported.

+ Scopus (Elsevier). The search string described above
was adapted to take into account differences in the
search syntax (see Additional file 2, section IV). A
first search was run on 14 December 2018, without
any timespan restriction, using the access rights of
the University of Bordeaux and returned 11,186 cita-
tions. Secondly, a new request restricted to 2019 was
performed on 6 May 2020, using the same search
string, using the access rights of the CNRS, to collect
the documents published in 2019. 859 citations were
exported.

Web-based search engines

Additional searches were undertaken using the three fol-
lowing search engines (see Additional file 2, section V for
more details):

+ Google Scholar (https://scholar.google.com/). Due to
the limitations of Google Scholar, four search strings
were constructed with English terms to translate
the search string used for the bibliographic data-
bases described above in a suitable form for Google
Scholar. The first searches were performed on
11 June 2019 and the first 1000 citations (as a maxi-
mum, when available), sorted by citation frequency,
were exported to a .csv file for each of the four search
strings. Secondly, an update search was performed
on 6 May 2020 with the same four search strings
to collect the documents published in 2019; all hits
(110) were exported;

+ BASE (https://www.base-search.net). Searches were
performed on 12 April 2019. Given certain limita-
tions of this search engine (maximum number of
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string characters), the search string built for the bib-
liographic databases described above was split into
two search strings. Searches were performed on
the titles of the articles, with no restriction to open
access articles, on all types of documents and with-
out any timespan restriction. The first 300 citations,
sorted by relevance, were exported for each of the
two search strings to a .csv file;

+ CORE (https://core.ac.uk/). Searches were per-
formed on 12 February 2019. The search engine
allowed the use of the original search string used
for the bibliographic databases. Searches were per-
formed on the title of the articles and without any
timespan restriction. The first 327 articles were man-
ually downloaded, excepting the duplicates and the
dead links.

Specialist websites
The following websites were manually searched for rel-
evant articles, including grey literature:

+ Achieve QUieter Oceans by shipping noise footprint
reduction website: http://www.aquo.eu/.

+ Association for biodiversity conservation: http://
www.objectifs-biodiversites.com.

+ Document portal of the French Ecology Ministry:
http://www.portail.documentation.developpement-
durable.gouv.fr/.

+ Document database of the French General com-
mission for sustainable development: http://temis
.documentation.developpement-durable.gouv.fr/.

+ European Commission websites: http://ec.europa.eu/
and http://publications.jrc.ec.europa.eu/.

+ European parliament website: http://www.europarl.
europa.eu/.

+ French forum against noise: https://assises.bruit.fr/.

+ Information and Documentation Center on Noise:
http://www.bruit.fr.

We collected nine articles from these specialist web-
sites that we included in the mapping process.

Supplementary searches
A call for literature was conducted via different channels
from January 2019 to April 2019 to find supplementary
literature, in particular non peer-reviewed articles, pub-
lished in French or in English.

Specialized organizations were contacted via their net-
works, their web forums or their mailing lists:

«+ the “IENE—Infra Eco Network Europe” (http://www.
iene.info/),
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+ the French program on transportation infrastructure
ITTECOP “Infrastructures de Transports Terrestres,
ECOsystemes et Paysages” (http://www.ittecop.fr/),

« the French national council for the protection of
nature “Conseil national de protection de la nature
(CNPN);

+ the Green and blue infrastructure policy, a French
public policy (http://www.trameverteetbleue.fr),

+ the “Société Francaise d’Ecologie” (https://www.sfeco
logie.org/),

+ the French national mailing list EvolFrance managed
by INRAE on biological evolution and biodiversity
(https://wwwé.inra.fr/reid_eng/News/Evolfrance).

The following social media were also used to alert
the research community to the systematic map and
to request non peer-reviewed articles: ResearchGate
(http://www.researchgate.net), Twitter (http://www.twitt
er.com), LinkedIn (http://www.linkedin.com).

A total of 83 articles were sent to us in response to the
call for literature.

Bibliographies from relevant reviews

After having collected the literature from the differ-
ent sources described above, we selected 37 relevant
reviews from our corpus. Then, we extracted all their
bibliographic references, resulting in 4025 citations (see
the list of the 37 reviews and their corresponding number
of extracted citations in Additional File 3). Among these
citations we excluded all duplicates (intra-duplicates
and duplicates between these bibliographies and our
previous literature collection). We screened the titles of
the remaining citations, we retrieved the pdf file of the
selected titles and then we screened their full-texts.

Testing the comprehensiveness of the search results

Among the 65 articles included in the test list, the num-
ber of articles retrieved from the main sources are (see
Additional file 4 for more details on the comprehensive-
ness values): WOS CC 55, Scopus 56, Google Scholar 41,
CORE 5, BASE 3, Relevant reviews 43.

The low comprehensiveness levels reached with CORE
and BASE can be explained by the fact that these two
search engines index mostly grey literature (they were
included in the search strategy for this reason) such as
reports, theses or books, whereas this type of literature
is absent from the test list that mainly contains journal
articles.

The overall comprehensiveness of the map search strat-
egy is 95% (62 articles out of the 65 articles in the test list
were retrieved by the different bibliographic sources, see
in Additional file 4 the 3 unretrieved articles).
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Table 2 Inclusion/exclusion criteria for the three-stage screening process

Population
pandas in zoos)

We included all ecosystems and wild species, plants and animals, terrestrial, aquatic or amphibious, including captive populations (e.g.

We excluded humans and domestic/non-wild species (e.g. cats, dogs, laboratory rats, etc.)

Exposure

We included all man-made sounds whatever the environment or media (terrestrial, aquatic) and the type of sounds (infrasounds, ultra-

sounds, etc.), including artificially recreated sounds (e.g. recorded road noise) and even abstract sounds (e.g. white noise produced by

a computer)

We excluded all natural sounds (e.g. chorus frogs, wind, storms, waterfalls)

Outcomes

We included all outcomes related to the included populations, including but not restricted to biology/physiology (e.g. heart rate), use of

space (e.g. species distribution, individual movements), intra and interspecific communication (e.g. song frequencies), species repro-
duction, ecosystem composition (e.g. species richness, abundance)

Manually added articles
Finally, some articles were added manually to the corpus:

« the 3 articles included in the test list that were not
retrieved by the search strategy,

+ 36 relevant articles identified by the team that were
found in other publications, but not retrieved by
the search strategy. For example, these articles were
detected in proceedings or books from which other
articles had already been added to the map and that
we discovered during the screening process or the
full-text collection.

Duplicate removal

Duplicate removal was carried out throughout the map-
ping process using Excel (duplicate conditional format-
ting and visual identification line by line). Duplicates
were removed from each corpus (e.g. intra Scopus dupli-
cates) and between bibliographic sources (e.g. duplicates
between Scopus and Google Scholar). The selected cita-
tion was systematically the one from Web of Science
Core Collection because the metadata linked to the cita-
tions extracted from this database are more complete
compared to the Scopus database and supplementary
literature sources (BASE, CORE, Google Scholar, call for
literature).

Article screening and study-eligibility criteria
Screening process
Using the predefined inclusion/exclusion criteria detailed
below, all articles were screened using Excel, first on
titles, then on abstracts and finally on the full-texts.
When there was any doubt regarding the presence of
a relevant inclusion criterion or if there was insufficient
information to make an informed decision, articles were
retained for assessment at a later stage. In particular, arti-
cles retained after title screening, but that did not have
an abstract were immediately transferred to full-text

screening. Given that titles and abstracts in grey litera-
ture do not conform to scientific standards, assessment
of grey literature was performed during the full-text
screening phase. Care was taken to ensure that reviewers
never screened their own articles.

The three screening stages were conducted by three
reviewers (RS, SV, AD). To assess the consistency of
the inclusion/exclusion decisions, a Randolph’s Kappa
coefficient was computed before screening the full
search results. To that end, a set of articles was ran-
domly selected (respectively composed of 200 articles
for title screening, 20 articles for abstract screening and
15 articles for full-text screening) and screened by each
reviewer independently. The process was repeated until
reaching a Kappa coefficient value higher than 0.6. But
even after reaching the necessary Kappa value, all disa-
greements were discussed and resolved before beginning
the screening process.

During calibration of the map protocol, a scoping stage
was conducted in the “Web of Science Core Collec-
tion” and the three stages of the screening process were
tested by one reviewer (RS) in order to refine the eligi-
bility criteria. For these articles, a second reviewer (SV)
examined all the rejected articles. Disagreements were
discussed and, in some cases, articles were re-included.
At the title screening stage, 4692 titles rejected by RS
were checked by SV and 156 (3%) were re-included. At
the abstract screening stage, 180 abstracts rejected by RS
were checked by SV and none were re-included. At the
full-text screening stage, 95 full-texts rejected by RS were
checked by SV and none were re-included.

Eligibility criteria
Article eligibility was based on the list of criteria detailed
in Table 2, with no deviation from the a priori protocol.
The language was considered as an eligibility criteria
only at the full-text screening stage. This means that if an
article had an abstract written in another language than
French or English, it was not excluded for this reason and
it was transferred to the full-text screening stage.
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Table 3 Examples of irrelevant articles with reason of exclusion

Page 7 of 27

Reference Title Reason Explanation
of exclusion
[43] Predictions of Taylor’s power law, density dependence and pink noise from a D Statistic noise
neutrally modeled time series
[44] The effects of noise due to random undetected tilts and paleosecular variation D Statistic noise
on regional paleomagnetic directions
[45] Noise stress and human pain thresholds: divergent effects in men and women Humans
[46] The effect of high level sound on hearing sensitivity, cochlear sensorineuroepi- Domestic biodiversity (chinchillas)
thelium and vasculature of the Chinchilla
[47] Effects of stressful noise on eating and non-eating behavior in rats Laboratory rats (Sprague-Dawley rat)
[48] Study on environment effect of construction in Huairou District No population (noise assessment)
[49] Sound source segregation in grey treefrogs: spatial release from masking by the E Noise emitted from animals (chorus frogs)
sound of a chorus
[50] Modification of humpback whale social sound repertoire and vocal source E Natural noise (wind background noise)
levels with increased noise
[51] General review of protocols and guidelines for minimizing acoustic disturbance O Guidelines for mitigation
to marine mammals from seismic surveys
[52] Investigation of the traffic noise attenuation provided by roadside green belts O Vegetation as anti-noise barrier

During the three screening stages, rejected articles
were systematically classified into four categories (see
Table 3 for examples). When an article topic obviously
lay outside the scope of this map, it was marked “D”
(for Diverse); otherwise it was marked P for irrelevant
Population, E for irrelevant Exposure or O for irrelevant
Outcome.

Study-validity assessment
No study validity assessment was performed because the
intention of the map was not to examine the robustness
of the study designs. Critical appraisals of study validity
are usually conducted in the case of systematic reviews,
not for systematic maps.1

Data-coding strategy

All the articles passing the three screening stages were
included in the mapping database, apart from those pub-
lished in 2019 or 2020. This is because some literature
searches did not cover 2019 and others covered only a
part of it. Consequently, we decided not to include arti-
cles published in 2019 (or in 2020) to maintain consist-
ency in the map statistics. Accepted full-texts published
in 2019 or 2020 were not coded and were grouped in an
additional file for a possible later update of the map.

Each article included in the map was coded based on
the full-text using keywords and expanded comment
fields describing various aspects. The key variables are:

Article description:

! http://www.environmentalevidence.org/guidelines/section-8.

o Article source (WOS research, Scopus research,
Google Scholar research, etc.);

+ Basic bibliographic information (authors, title, article
date, journal, DOJ, etc.);

+ Language (English/French);

+ Article type (journal article, book, thesis, conference
object, etc.);

o Article content (four possibilities: study, review,
meta-analysis, other). A study consists of an experi-
ment or an observation, it can be field based (in situ
or ex situ) or model based. A review is a collection
of studies, based or not on a standardized method. A
meta-analysis is a statistical analysis based on several
previously published studies or data;

Article characteristics:

+ Type of population (taxonomic groups). First, we
classified the articles according to four taxa: prokary-
otes, vertebrates, invertebrates and plants. Then, for
vertebrates and invertebrates, we classified the arti-
cles as concerning respectively amphibians/birds/
fishes/mammals/reptiles/others or arachnids/crusta-
ceans/insects/mollusks/others. This classification is
based on different prior evidence syntheses on noise
pollution [34, 53, 54], including more details con-
cerning invertebrates. In addition, it is usual in biodi-
versity documentation and facilitates understanding
by stakeholders;

+ Type of exposure (sources of noise, see Fig. 1 for
more details);
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Urban noise

Noise coming from cities and urbanizationin general

Transportation
noise

Noise coming from all types of civil transportationactivities including
cars/trains, aircraft (helicopters, airplanes, efc.) and boats (or
vessels/ships)

Industrial noise

Noise coming from all types of industrial activities (mining, pile-driving,
construction, commercial fishing, wind parks, aquaculture, ezc.)

Recreational
noise

Noise coming from recreationalactivities (visitors to a zoo, surf, music
festival, sport fishing, tourist disturbance, etc.)

Military noise

Noise coming from military activities (water gun, sonic booms, explosion,
jets and aircraft, naval sonar, efc.)

fl;\\ <><<_

Abstract noise

All types of abstract noise produced by computers (warning sounds,
acoustic stimuli, pingers, pulses, tones, white noise, efc.)

Other sources of noise

All other sources of noise (aerators, aquaria filters, human voices, dog
barks, etc.)

Fig. 1 Categories to code the sources of noise (exposure)

‘ All impacts on space use (species distribution, territory delimitation,
‘ Space use
a etc.)
e
% Communication All impacts on communication (song rate, song frequency, efc.)
. . All biological or physiological impacts at molecular, cellular or
—1}— Biology/Physiology 108 Py 8l P
. organic level (heart rate, skin appearance, hormonallevel, efc.)
N / . All impacts on reproduction (parental care, nesting success, number
Reproduction < y
X of eggs, fledgling survival, etc.)
All behavioural impacts (social play, foraging, movements, vigilance,
[ pacts ( play, foraging, g

antipredator behavior, etc.)

Lk

L A

. |Ecosystem

All impacts at ecosystem levels (species abundance, species richness,
species interactions, efc.)

@MQ@P

Other

All other types of impacts (catch rate, genetics, efc.)

Fig. 2 Categories to code the impacts of noise (outcomes)

+ Type of outcomes (types of impacts, see Fig. 2 for
more details).

Here again, to categorize the exposure (sources of
noise) and the outcomes (types of impacts), we used pre-
viously published evidence syntheses on noise pollution
and biodiversity, in particular the review by Shannon
et al. (2016) (see in this publication Table 2, page 988 on

Country where the study was conducted;
Type of habitat (terrestrial or aquatic);

the sources of noise and Table 3, page 989 on the impacts
of noise) [34].
For studies only:

Study context: in situ (field)/ex situ (laboratory,

aquariums, etc.);
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+ Experimental (causal)/observational (correlative)
study;

« Origin of noise (artificial, real, recorded).

These metadata were coded according to an a priori
codebook (see Additional file 6 in Sordello et al. [36]) that
was marginally adjusted. The final version of this code-
book is included as a sheet in the provided database file
(see below the corresponding Additional file 9).

As far as possible, controlled vocabularies were used to
code the variables (e.g. article type, dates, country, etc.),
using thesauri or ISO standards (e.g. ISO 639-1 for the
language variable and the ISO 3166-1 alpha 3 code for
the country).

Coding was performed by three coders (OR, AD and
RS). Because of time and resource limitations in our
project, we could not undertake double coding and not
all the articles could be coded by a single coder. Coding
was carried out by three persons who successively coded
a part of the articles. RS began, AD continued and OR
finished. One coder coded all variables for the articles
included in his/her group of articles (i.e. an article was
not coded by several coders). There was no overlap in
article coding. To understand the coding rules, explana-
tion was given by RS to AD and OR before they started
to code their group of articles. Also, to better understand
the coding rules, AD could use the articles previously
coded by RS and OR could use the articles previously
coded by RS and AD. The three coding steps were moni-
tored by RS who discussed with the two other coders in
case of doubt. Finally, when the three groups of articles
had been coded, RS reviewed the entire database to iden-
tify any errors and homogenize the terminology.

Data-mapping method

By cross-tabulating key meta-data variables (e.g. popula-
tion and outcomes), summary figures and tables of the
article characteristics were produced for this map report
to identify knowledge gaps (un- or under-represented
subtopics that warrant further primary research) and
knowledge clusters (well-represented subtopics that are
amenable to full synthesis by a systematic review). Based
on these results, recommendations were made on priori-
ties for policy makers, practitioners and research.

Results
Literature searches and screening stages
During the screening process, reviewers did not screen
articles that they had authored themselves, except the
protocol of this systematic map and it was excluded dur-
ing the title-screening stage.

The ROSES flow diagram below (Fig. 3) provides an
overview of the screening process and shows the volumes
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of articles at the different stages. Detailed screening
results are explained in Additional file 5 and illustrated
with a full flow diagram in Additional file 6. The list of
all collated and screened articles is provided as an Excel
sheet attached to this map report (Additional file 7).
It contains information on the three screening stages
(names of screeners, date of screening, inclusion/exclu-
sion decisions, reason for exclusion, etc.). This file was
drafted according to a codebook that describes each
variable and the available values and that is included as
a sheet in the provided file. In a separate sheet, it also
contains the list of excluded full-texts and the reason for
exclusion.

Among the 29,027 articles initially collected, 9482
were deleted because they were duplicates, 14,503 were
excluded on titles, 947 on abstracts and 1262 on full-
texts. A total of 1887 articles were definitively selected
after the three screening stages. Among them, 1746 were
included in the map to be coded (with 48 more articles
manually added or coming from specialist websites) and
141 were grouped in a separate additional file because
they were published in 2019-2020 (Additional file 8). The
systematic-map database contains 1794 relevant articles
on the impacts of anthropogenic noises on species and
ecosystems (Additional file 9), of which 19 are written in
French and 1775 in English.

General bibliometrics on the database

Article sources

The systematic-map database is composed of 1794 arti-
cles that come (see Table 4):

+ mainly from bibliographic databases: 65% (48% from
WOS CC and 17% from Scopus);

+ from the bibliography of relevant reviews in a signifi-
cant proportion: 19%;

» from web-based search engines: 12% (in particular
8% from Google Scholar).

Articles coming from the call for literature or the spe-
cialist websites and manually added articles represent
less than 5% of the map.

Regarding the efficiency of the searches, the call for
literature, CORE search engine and Web of Science CC
database stand out as the most relevant sources of bib-
liography for this map (Table 4). For instance, 27% of
the literature received from the call was included in the
map as was 15% from CORE, however these two sources
represent a very small part of the final map (1% and 3%,
respectively). On the contrary, articles collected from
Scopus represent 17% of the final map whereas only 3% of
the total number of articles collected from this database
were actually relevant. Concerning the key reviews from
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ROSES Flow Diagram for Systematic Maps. Version 1.0

Records identified through database searching

Records identified through other sources
Google Scholar + BASE + CORE + Call for literature +

o0 . .
.-g Web of Sc:encTanrZeogglgle)zct/on + Scopus Piiblishiad Favilaiis
S - (n = 8438)
3
& 1 | |
v Duplicates
Records after duplicates removed (n = 9482)
(n = 19545)
[
* Excluded titles (n = 14503)
Records after title screening Duplicates (n = 451)
(n = 4591)
I
v Excluded abstracts
Records after abstract screening (n=947)
(n = 3644)
[ ]
o v Unretrievable full texts (n = 376)
s Articles retrieved at full text
() ; &
g (n = 3219) Duplicates (n = 49)
)
[
v Excluded full texts (n = 1262)
. Excluded on:
Articles after full text screening - Language (n = 54)
(n=1887) « Population (n = 455)
* Exposure (n = 644)

Pre-screened articles
from other sources
Specialist websites +
Manually added pub.
(n=48)

* Outcome (n =102)
* Other (n =7)

Duplicates (n = 70)

” Year 2019-2020 (n = 141)

Studies included in the systematic

(n=1794)

A
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Q
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map database and narrative synthesis

and 6

Fig. 3 ROSES flow diagram of the systematic map process from the searching stage to the map database. Details are given in the Additional files 5

which citations were extracted, some of these reviews
proved to be very useful for the map. For instance, 30% of
the bibliography (47 articles) from Gomez et al. [55] were
included in the map (see Additional file 3 for the percent-
age of extracted/included citations for each key review).

Article types and contents

Figure 4a shows the distribution of article types. The
systematic-map database is mainly composed of journal
articles (1333, which represent more than 74%). The sec-
ond highest proportions of article types in the map are

book chapters and reports that each represent 8% of the
map.

Figure 4b shows the distribution of article contents.
The systematic-map database is mainly composed
of studies (1340, which represent more than 75% of
the map), then, reviews (379, 21%) and meta-analy-
ses (16, 1% with one article that is a mixed review/
meta-analysis).

Not surprisingly, the majority of studies (1096/1340,
82%) and meta-analyses (13/16, 81%) were published
as journal articles. Reviews are more spread over the
different types of bibliographic sources even if they
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Table 4 Selection rate for the different bibliographic sources
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Type of bibliographic  Bibliographic sources  Exported citations (A) Included articles after screening stages
sourees Systematic map (B) 2019-2020 group (C) Total ratio
regarding exported
citations (B + C)/A (%)
Bibliographic databases  Web of Science Core 8544 860 (48%) 115 (82%) 1
Collection (7859° 4-685°)
Scopus 12045 (11,1864 859%) 306 (17%) 18 (13%) 3
Total 20,589 1166 (65%) 133 (9%) 6
Web-based search Google Scholar 3403 (32932 +110°) 143 (8%) 4 (3%) 4
engines BASE 600 25 (1%) 3 (2%) 5
CORE 327 50 (3%) 0 15
TOTAL 4330 218 (12%) 7 (5%) 5
Call for literature 83 21 (1%) 1(<1%) 27
Bibliographies of relevant reviews 4025 341 (19%) 0 8
Specialist websites 9 9 (< 1%) 0 100
Other manually included articles 39 39 (2%) 0 100
TOTAL 29,075 1794 141 7

High score (in bold); low score (in italic)
2 First search until 2018
b Update 2019-2020

are also mainly published as journal articles (186/379,
49%).

Chronological distribution

The systematic-map database contains articles from
1932 to 2018 included. Figure 5 shows that production
truely started around 1970 and then strongly increased
starting around 2000 (Fig. 5).

Map characteristics on the population, exposure
and outcomes
Taxonomic groups
The systematic map contains articles almost exclu-
sively on vertebrates (1641/1794, 91%). Invertebrates
represent 9% of the map and plants and prokaryotes
together form less than 1% (however, it should be noted
here that our search string did not include “plant” nor
“prokaryote” which may partly explain these results).
Mammals, birds and fishes are the three most studied
taxonomic groups in the map (see Fig. 6), with respec-
tively 778/1794 (43%), 524/1794 (29%) and 437/1794
documents (24%) (the sum of mammals, birds and
fishes exceeds the number of vertebrates because one
article counted as “vertebrates” can include several ver-
tebrate sub-groups).
These observed patterns regarding the population for
the whole map are the same for studies and for reviews/

meta-analyses. Mammals, birds and fishes are also the
three taxonomic groups most considered in the stud-
ies (respectively 40%, 28% and 22%) and in the reviews/
meta-analyses (respectively 52%, 33%, 30%).

Among invertebrates, crustaceans represent the most
examined group (4% of the map, 3% of the studies, 6% of
the reviews/meta-analyses) followed closely by mollusks.

Sources of noise
For 69 articles (4%), we could not precisely code the
source of noise in any exposure class. Indeed, these arti-
cles use imprecise expressions such as “anthropogenic
noise” Among the others, 619 articles (35% of the map,
see Fig. 7) deal with transportation noise, followed by
industrial noise (27%) and abstract noises (25%). Few
articles deal with recreational noise (5% of the map).
Focusing on the 1340 studies, transportation noise
(32%), abstract noise (30%) and industrial noise (23%)
are also the three sources of noise most considered, but
the ranking was different from that found for all arti-
cles. Regarding the reviews/meta-analyses, transporta-
tion (43%) and industry (40%) are the two first sources of
noise most considered and military noise (27%) comes in
as the third source instead of abstract noises.

Types of impacts
The articles included in the map mainly deal with behav-
ioural impacts of noise (985/1794, 55% of the map, see
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a Publicationtype

36; 2% ,20; 1%

_25;1%

99; 6%

135; 8%

146; 8%

1333; 74%

m journal article m chapter book u report
m conference object  m thesis u book
m other

b Publication content

16; 1% f60; 3%

/
379; 21%
1340; 75%

study " review m meta-analysis other

Fig. 4 Types (a) and contents (b) of articles included in the
systematic-map database

Fig. 8). Biophysiology is also frequently considered in
the articles (704/1794, 39%) and then communication
(424/1794, 24%). For 19 articles (1% of the map) we could
not code the outcome because it was not detailed by the
authors.
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With a focus on the 1340 studies, impacts of noise on
behaviour (51%), on biophysiology (34%) and on com-
munication (22%) are the most considered, similar to
the situation for reviews/meta-analyses (respectively
66%, 56% and 31%). On the contrary, space use is the
least studied outcome.

Knowledge gaps and knowledge clusters

We combined the results (number of studies) between
two of the three characteristics (population, exposure
and outcome), resulting in Figs. 9, 10 and 11.

For each of the three combinations of data, we
extracted the top four results (those with the highest
number of studies), resulting in 12 knowledge clusters
presented in Table 5. This analysis confirms the knowl-
edge clusters previously noted in the results on popula-
tion (in Fig. 6, namely mammals, birds, fishes), exposure
(in Fig. 7, transportation, industrial, abstract noises)
and outcomes (in Fig. 8, behaviour, biophysiology and
communication).

Concerning knowledge gaps, the analysis between pop-
ulation, exposure and outcomes reveals that many com-
binations have never been studied and it is difficult to
identify any knowledge gaps in particular. We can refer to
separate results on population, exposure and outcomes
that show that few studies were conducted on amphib-
ians (61), reptiles (18), all invertebrates (in particular
arachnids: 3) and plants (8) in terms of population (see
Fig. 6); recreational (57), military (106) and urban noises
(131) in terms of exposure (see Fig. 7); space use (94),
reproduction (149) and ecosystems (167) in terms of out-
comes (see Fig. 8).

Study characteristics

Study location

Almost one third of all studies (441/1340, 33%) were car-
ried out in the USA (Fig. 12). A substantial proportion
of the studies were also conducted in Canada (121/1340,
9%), Great Britain (84/1340, 6%), the Netherlands
(70/1340, 5%) and even Australia (698/1340, 5%). The
country is unknown in 135 studies (10%).

Noise source and media

Studies mainly deal with real noise (632/1340, 47%).
Around a third of the studies (378/1340, 28%) are based
on artificial noise and 16% of the studies (221/1340)
use real recorded noise (Fig. 13a top). The distribution
between terrestrial or aquatic media through which noise
is broadcast is virtually equivalent (see Fig. 13b bottom,
respectively 47% and 51%).
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Fig. 6 Number of articles for each type of taxonomic group (population), with details for studies and reviews/meta-analyses

Study context and design

Figure 14 shows that 95% of studies (1274/1340) are
field based whereas only 3% (40/1340) are model based
and less than 1% (9/1340) are combined (field and model
based studies). Among the 1283 studies that are totally
or partially field based, 56% (720) are in situ whereas
42% (537) are ex situ (zoos, aquarium, cages, etc.) and
2% (26) are combined (Fig. 14 left). Also, a majority are
experimental (856/1283, 67%), 32% (411/1283) are obser-
vational and less than 1% (12/1283) are combined (exper-
imental and observational) (Fig. 14 right).

Reviews and meta-analyses

The high number of reviews included in the system-
atic map (379) can be explained by our methodology.
Indeed, some articles were retrieved by our search
strategy because they contain only one chapter or one
paragraph that reviews the bibliography on impacts of
anthropogenic noise on biodiversity. As a consequence,
they were included in the map during the screening
process even if the document as a whole does not deal
with our map’s main issues. Nevertheless, the map does
include many reviews that fully address the impacts
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of noise pollution on species and ecosystems. This
means that, contrary to what was assumed beforehand,
a huge amount of synthesis work has in fact already
been invested in this topic. However, our results con-
firm that, for the moment, no prior systematic map—as
broad and comprehensive as the present one—has been
published yet, even if after the date of our literature

search, a systematic-map protocol has been published
on the impact of noise, focusing on acoustic communi-
cation in animals [56].

Some of the collected reviews are general syn-
theses and provide an overview of the impacts of
anthropogenic noise on species (i.e. Kight and Swad-
dle [57]; Dufour [58]). However, most of reviews are
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focused on one or more population(s), exposure(s)
and outcomes(s) or even a combination of these three
parameters. For instance:

+ concerning taxonomic groups (population): some
reviews deal with specific taxa—such as fishes [59],
marine mammals [60] or crustaceans [61]—or with
wider groups—such as invertebrates [31] or even ter-
restrial organisms [62];

+ concerning types of noise (exposure): Pepper et al.
[63] address aircraft noise, Patricelli and Blickley [32]
urban noise and Larkin [64] military noise;

«+ concerning types of impacts (outcomes): De Soto
et al. [65] (which is a proceeding) focus on physi-
ological effects, Brumm and Slabbekoorn [66] target
communication and Tidau and Briffa [67] (which is
also a proceeding) deal with behavioural impacts.

Five reviews are presented as “systematic reviews” by
their authors. One of them is Shannon et al. [34], which is

indeed a wide synthesis of the effects of noise on wildlife.
Another is dedicated to behavioural responses of wild
marine mammals and includes a meta-analysis (quantita-
tive synthesis) [55]. Two other systematic reviews include
noise effects in a wider investigation of the impacts of
some human activities, respectively seismic surveys [68]
and wind energy [69]. The fifth is more specific and deals
with the impact of prenatal music and noise exposure
on post-natal auditory cortex development for several
animals such as chickens, rats, mice, monkeys, cats and
pigs [70]. Two other reviews—Radford [54] and Williams
et al. [71]—could be qualified as “systematic” because
their method is standardized (e.g. search string, screen-
ing process), but their authors have not done so.

Among the meta-analyses included in the map, we
can cite in particular Cox et al. [72, 73] on fishes, Roca
et al. [35] on birds and anurans and Gomez et al. [55]
on marine mammals. Birds are particularly considered
since two more meta-analyses deal with this taxonomic
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Table 5 Knowledge clusters resulting
from the combinations of data (population, exposure
and outcomes)
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Finally, regarding books, five of them are particularly
relevant to the map topic, chronologically:

Cluster Number  Combinations » “Effects of Noise on Wildlife” [77];
of studies . o » “Marine Mammals and Noise” [78];
» “Animal Communication and Noise” [79];

Behavioural impacts of noise on mam- 355 X X « “The Effects of Noise on Aquatic Life” (Popper and

mals Hawkins), published in two volumes 2012 and 2016
Impacts of transportation noise on 216 X X [80, 81];

behaviour P ’ . . . »

viod ) ) ) » “Effects of Anthropogenic Noise on Animals” [82]

Impacts of abstract noises on biophysiol- 208 X X . . . .

ogy which is the newest book on noise pollution and
Impacts of abstract noise on behaviour 202 X X wildlife with synthgses for taxonqmlc groups SPCh
Impacts of industrial noises on behaviour 187 X X as fishes [831’ reptlles and amphlblans (84], birds
Impacts of abstract noise on mammals 181 X X [85] and marine mammals [86].
Biophysiological impacts of noise on 181 X X

mammals Some other books can be very general in discussing
Behavioural impacts of noise on fishes 159 X X noise pollution, for instance “Railway ecology” [87].
Biophysiological impacts of noise on 149 X X Lastly, some other books can contain entire chapters

fishes specifically on noise pollution, e.g. “Avian Urban Ecol-
Impacts of industrial noise on mammals 145 X X ogy: Behavioural and Physiological Adaptations” [88,
Impacts ofltransportation noise on 145 X X 89] or “The Handbook of Road Ecology” [90, 91]. We

mammets ' 4 4 can also cite the “Ornithological Monographs” N°74
Impacts of transportation noise on birds 142 X X

group [74, 75]. We can also note Cardoso et al. [76] on
the impact of urban noise on several species.

which is dedicated to noise pollution and contains one
review [92] and several studies that are all included in
the map [93, 94].

Recently, some relevant syntheses were published
in 2019 (not included in the map; see Additional
file 8). A meta-analysis was performed on the effects

Fig. 12 Tree-map representation of the countries where at least 10 studies were included in the map. Values: USA: 441; CAN (Canada): 121; GBR
(Great Britain): 84; NLD (Netherlands): 70; AUS (Australia): 69; DEU (Germany): 41; NOR (Norway): 37; FRA (France): 27; ITA (Italia): 27; BRA (Brazil): 26;
ESP (Spain): 24; CHN (China): 22; DNK (Denmark): 20; SWE (Sweden): 17; NZL (New-Zealand): 15; MEX (Mexico): 14; POL (Poland): 11; RUS (Russia): 10
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Fig. 13 Number of studies included in the map in terms of the noise
generated (a; top) and noise media (b; bottom)

of anthropogenic noise on animals [53] and a system-
atic review was published on intraspecific variation in
animal responses to anthropogenic noise [95]. In addi-
tion, one review on the impact of ship noise on marine
mammals includes a systematic literature search [96].
Two non-systematic reviews can also be cited, one
about invertebrates [97] and the other about fishes [98].
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Among all these bibliographic syntheses (including
those from 2019), we selected those whose literature col-
lection is based on a standardized approach (e.g. search
string, database request, screening process)—which
includes meta-analyses and systematic reviews/maps or
similar—and whose topic is as close as possible to our
systematic map (e.g. focused on noise and not on wider
human pressures). We summarized the main features
(topic delimitation, search strategy, number of citations)
for the 12 selected evidence syntheses in Table 6 with
more details in Additional file 10.

In most cases, these reviews and meta-analyses contain
far fewer articles than what we collected, which can be
explained by their topic restrictions (P, E, O) as well as
their search strategy (e.g. number of databases, comple-
mentary searches or not, screening criteria). In terms of
topics, Shannon et al. [34] would appear to be the only
standardized evidence synthesis as wide as ours (all wild-
life, all sources of noise, all impacts), but the authors
gathered 242 articles from 1990 to 2013. The synthe-
sis published by Radford [54]—which, as a report, is
grey literature—also provides an overview of the state
of knowledge with descriptive statistics, according to a
standardized method, although it focuses on non-marine
organisms and it is based on 86 articles. In 2019, Kunc
and Schmidt published a meta-analysis that covers all
impacts of noise on animals and they collected 108 arti-
cles [53].

Discussion

General comments

This map reveals that the literature on the impact of
anthropogenic noise on species and ecosystems is already
extensive, in that 1794 relevant articles were collected,
including 1340 studies, 379 reviews and 16 meta-analy-
ses. Studies are mainly located in North America, in par-
ticular in the United States and Canada. In Europe, the
United Kingdom and the Netherlands have produced the
largest numbers of articles. Australia is also active in this
field.

This high volume of bibliography highlights the fact
that this issue is already widely studied by scientists. The
production on this topic started many years ago, around
1970, and has surged considerably since 2000. More than
one hundred articles a year since 2012 are listed in our
map.

This chronological pattern is quite usual and can be
encountered for other topics such as light pollution [99].
It can be due to practical reasons such as better dissemi-
nation and accessibility of articles (e.g. database devel-
opment), but it also certainly reflects a real increase
in research activity on the topic of “noise pollution” in
response to social concern for environmental issues.



Sordello et al. Environ Evid (2020) 9:20

Page 18 of 27

Ex-situ = Combined

= In-situ

B Combined

B Model based M Field based

Fig. 14 Number of studies included in the map in terms of the context and design protocol
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The articles are mainly provided through academic
sources (i.e. journal articles), but grey literature is also
substantial. 461 articles included in the map (i.e. around
a fourth of the map) can be grouped as “grey literature”
(books and book chapters, reports, theses, conference
objects). In particular, 36 theses from all over the world
address this issue.

Regarding the population, the systematic map confirms
that a very broad range of species is the topic of litera-
ture on the effects of noise pollution. Indeed, all of the 11
population classes of our coding strategy contain articles.
Nevertheless, a high proportion of the map concerns
mammals and, to a lesser extent birds and fishes. Among
the 778 articles targeting mammals, many infrataxa are
concerned (e.g. Cetacea [100], Carnivora [101], Cervidae
[102], Chiroptera [103], Rodentia [104]), but the highest
proportion of the articles on mammals deals with aquatic
noise (500/778, 64%), which suggests that many may con-
cern Cetacea (e.g. dolphins, whales, beluga).

The other taxonomic groups receive far less attention.
Amphibians, crustaceans, mollusks, insects, reptiles and
arachnids each represent 5% or less of the whole map.
However, comparing these knowledge gaps to contem-
porary biodiversity issues, we can say, for instance, that
amphibians, reptiles and invertebrates are highly threat-
ened species [105, 106] and noise pollution around the
world is probably part of the threats [31, 84]. These taxo-
nomic groups are likely impacted by noise depending on
the sense used. In particular, amphibians communicate
extensively using sounds (i.e. chorus frogs) [107], insects
demonstrate hyperacuity in directional hearing [108],
reptiles (in particular snakes) and spiders can feel vibra-
tions [109-112].

In terms of exposure, the map confirms that a very
wide variety of anthropogenic activities generate noise
and that the effects of these emissions have already been
studied.

Transportation (that includes terrestrial infrastruc-
ture as well as civil aircraft and boats) is the source of
noise most considered. It is closely followed by indus-
trial sources among which high diversity is observed
(e.g. pile-driving [113], seismic surveys [114], wind tur-
bines [115], mining [116], constructions [117]). Abstract
noises are in third position. This category does not nec-
essary correspond to any precise human activities but
comprises a large set of computer or machinery sounds
(e.g. alarms [118], pingers [119], tones [120], pulses [121],
bells [122]). Often, articles in this category do not con-
tain many details about the source of noise. Military
noise is especially studied for mammals and urban noise
is significantly considered for birds (but not otherwise).
Recreational noise is the least studied, however a certain
diversity of sources is observable (e.g. zoo visitors [123],
music festivals [124], sporst activities [125], tourists in
natural habitats [126], Formula one Grand Prix racing
[127], whale-watching [128]). However, urban and rec-
reational sources of noise are important and will increase
in the future because, on the one hand, urbanization is
spreading all over the word and, on the other, human
presence in natural habitats is also becoming more and
more frequent (e.g. recreational activities in nature). For
example, the expansion of Unmanned Aircraft could be a
serious threat for biodiversity [129].

In terms of outcomes, the map also confirms a very
wide range of impacts of noise on species and ecosys-
tems. The most studied are the behavioural impacts
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Table 6 Features of standardized evidence syntheses organized in chronological and alphabetical order

Citation Type P-E-O Search Search Additional Period Nb included
of synthesis restrictions limitations? database(s) searches” searched articles®
This systematic ~ SM P: No domestic  Yes (L, FH) Web of Science, Yes (C, SE, RE, PL) Until 2018 1794
map biodiversity Scopus included
Erbeetal. 2019  SM P: marine mam- ? Web of Science  Yes (PL) 1972-2019 154
[96] mals
E: ship noise
Harding et al. SR P: all animals ? Web of Science  Yes (RE) 1900-2018 589
[95]
Kunc and MA P:all animals Yes (PR) Web of Science,  Yes (RE) Unknown 108
Schmidt [53] Scopus
Coxetal. [73] MA P: fish Yes (PR) Web of Science  Yes (SE) 1950-2015 452
O: behaviour and
physiology
Khairunnisa etal. SR P: chickens, ? PubMed/Med- Yes (PL) No restriction 10
[70] rats, mice, line, Cochrane
monkeys, cats, library
pigs
Coxetal. [72] MA P: fish Yes (PR, T) Web of Science  Yes (SE) 1950-2015 186
O: behaviour and
physiology
Gomez et al. [55] SR and MA P: wild marine ? PubMed Yes (RE) 1971-2015 219
mammals
O: behaviour
Nelmsetal. [68] SR P: turtles, marine  Yes (FH) Web of Science  Yes (SE) 1983-2013 Turtles: 29
mammals and Marine mammals:
fishes 414
E: noise from Fishes: 187
seismic surveys
Roca et al. [35] MA P: birds ? Web of Science No No time restric- 36
and anurans tion until
O: communica- 22/01/2015
tion
Shannon et al. SM P: all wildlife but ~ Yes (PR, T) Web of Science No 1990-2013 242
[34] no plants
Williams et al. SM P: marine life Yes (L, PR) Web of Science No No time restric- 493
[71] tion until
10/10/2014
Radford [54] SM P: non-marine Yes (PR) Web of Knowl-  Yes (SE, RE) Unknown 86
wildlife edge

MA meta-analysis, SM systematic map, SR systematic review

2 All types of search limitations: language restrictions (L), only peer-reviewed articles (PR), restriction to some topic areas (T), exportation of first hits only (FH)

b All sources in addition to databases: call for literature (C), search engines (SE), bibliography from relevant reviews (RE), personal library (PL)

¢ Scores are given after the screening stages, but further reductions may have occurred in the ongoing process

involving measurements on movement [130], foraging
[131], hunting [132], social behaviour [133], aversive
reaction [134], etc. Biophysiology and communication
are also well covered, especially the impacts on the bio-
physiology of mammals and fishes and on the commu-
nication birds. Biophysiological outcomes can be very
diverse (e.g. hormonal response [135], heart rate [136],
blood parameters [137], organ development [138]). On
the other hand, the lack of literature on ecosystems,
reproduction and space use is of concern. Ecosystems
are a very significant aspect of biodiversity and will be

increasingly integrated in public policies and scientific
research, notably concerning ecosystem services in the
context of global changes [139, 140]. Reproduction and
mobility of species are essential for the sustainability
of their population and we already know that noise can
impair them [141, 142].

Concerning the systematic map, at the moment, we
are not able to conclude whether this very rich litera-
ture provides strong evidence on impacts of anthropo-
genic noise on animals. Indeed, we do not know if the
studies and other articles confirm or invalidate such
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impacts and if the studies are sufficiently robust for
that purpose. However, our database highlights that a
majority of studies are experimental field-based stud-
ies. This is a very good point in planning further meta-
analyses or systematic reviews with the prospect of
quantifying the level of impacts because these studies
would probably be selected following critical analysis.
For future systematic reviews/meta-analyses, we iden-
tified that the three outcomes comprising the highest
number of experimental studies (which are the type of
content that systematic reviews or meta-analyses would
use) are: behaviour (453), biophysiology (391), commu-
nication (145).

Given the scope of our map resulting in a high num-
ber of population (P), exposure (E) and outcome (O)
classes, there is a wide range of possible PEO combi-
nations. Therefore, it is difficult to go further in this
report in terms of identifying knowledge gaps and
clusters and possible specific questions for future sys-
tematic reviews. At the same time, this large number of
PEO combinations offers stakeholders (e.g. researchers,
practitioners, decision-makers) an opportunity to gain
information on the combination of interest to them.

Comparison to other evidence syntheses

It is interesting to check whether other evidence syn-
theses previously published have arrived at the same
results, knowledge clusters and knowledge gaps as
those highlighted by our map. However, given the dif-
ferences in terms of methodology, topic delimitation
and volume of the existing reviews, exposed in the
results section, it is difficult to make such comparisons
for all reviews. But we can compare our results to those
from two other reviews, namely Shannon et al. [34] and
Radford [54] (see Fig. 15).

Concerning population (Fig. 15a), mammals are the
most studied species in Shannon et al. [34] (39%) as they
are in our map (40%). In Radford [54], birds greatly sur-
pass mammals (65% vs. 9%), but that can be explained by
the exclusion of marine species (among which there are
many mammals) in the synthesis. Fishes are more repre-
sented in our map (22%) than in the two other reviews
(Shannon et al.: 15%, Radford: 10%).

Regarding exposure (Fig. 15b), transportation is the
greatest source of noise in Shannon et al. [34] for ter-
restrial activities (30%), similar to our map (15%). For
aquatic activities, industrial noise is the exposure most
frequent in our map (20%) as in Shannon et al. [34] (28%).
In Radford [54], transportation noise is by far the fore-
most exposure (more than 75% exclusively for road and
aircraft noise). These results seem to be quite consistent.
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Concerning outcomes, in Shannon et al. [34], vocali-
zation is the most frequent for terrestrial studies (44%)
whereas behavioural outcomes come first in our map
(19%). Behavioural is the most frequent outcome for
aquatic studies in Shannon et al. [34] (more than 40%)
whereas biophysiology comes first in our map (24%).
Here, our results are more consistent with Radford [54],
where behavioural outcomes are the most frequent
(approximately 65%, compared to approximately 54% in
our database).

Limitations of the systematic map

Search strategy

We are aware that two academic databases (WOS CC and
Scopus) in our search strategy is a minimum according
to the CEE guidelines [38]. Nevertheless, WOS CC is the
most used database in Ecology and Scopus is probably the
second. Furthermore, our overall strategy includes eight
bibliographic sources (see Table 4) and in particular three
search engines. In addition, a large number of hits were
exported from each of the search engines (e.g. 1000 cita-
tions for each search string on Google Scholar instead of
the 300 initially expected). We also completed our search
strategy with the extraction of all the bibliographic refer-
ences from 37 relevant reviews. Finally, when a reference
was a part of a more comprehensive article (i.e. a meeting
abstract inside a proceeding with multiple abstracts), we
checked whether other parts of the article could be also
interesting for the map (i.e. other meeting abstracts from
the same conference proceeding). We could not check
systematically due to our limited resources but, never-
theless, this verification produced 36 articles that were
added manually to the map.

In conclusion, although our search strategy is robust
for journal articles/studies, we may have missed some
relevant articles in other formats (e.g. conference papers,
books, chapters). That being said, studies are the most
important documentation for conducting further system-
atic reviews.

In addition, in light of the considerations exposed in
“Results” and “Discussion” sections), our systematic map
would seem to be wide-ranging and complete because
it does not restrict the population, the exposure or the
outcomes, contrary to the majority of reviews included
in the map. The number of articles collected in the 12
systematic reviews/meta-analyses described in Table 6
shows that our map (1794 articles) constitute a very
important dataset.

Full-text searching

In order to facilitate a possible additional full-text
research, we have compiled a list of the unretrieved full-
text texts in a dedicated Additional file 11 (Sheet 1). We
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could retrieve 90% of the searched full-texts which means
that we had to exclude 376 articles from the map pro-
cess because we could not get their full-texts. We are
aware that this volume of unretrievable full-texts is not
a satisfactory result, however there is no standard mini-
mum in the CEE guidelines [38] and we did everything
we could to find the full-texts. First, we benefited from
different institutional accesses thanks to our map team
(MNHN, CNRS, INRAE). We even performed an addi-
tional search during the Covid period when some pub-
lishers suspended their paywall. Secondly, we also asked
for French and even international interlibrary loans and,
when necessary, we went to the libraries to collect them.
We also asked for the missing full-texts on ResearchGate.
A large number of unretrieved full-texts come from the
extracted relevant reviews, from Scopus and from Google
Scholar (see Additional file 11, Sheet 2 for more details
on retrieved/not retrieved full-texts depending on the
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bibliographic sources). In the end, we could obtain some
explanations for a majority of the unretrieved full-texts,
i.e. 25 (7%) are available online but behind an embargo,
a paywall or another access restriction, 124 (33%) are not
accessible to the map team (unpublished thesis or report,
unlocatable conference proceedings, only available in a
print journal, etc.), 47 (13%) would be excluded during
screening because of their language (according to Scopus
information), 19 (5%) were requested on ResearchGate
without any response.

Languages accepted at full-text screening stage

We are aware that we accepted only two languages, Eng-
lish and French. Nevertheless, among the 3219 screened
pdf files, only 54 articles were rejected at the full-text
stage because of their language. This represents less than
2%. In the end, to facilitate a possible additional screening
of these full-texts, we listed them in Additional file 12. It
should also be noted that when a title or an abstract was
not in English or in French, it was not rejected for this
reason during the title/abstract screening, it was sent
directly to abstract and/or full-text screening to check its
effective language.

Coding strategy
Due to resource limitations, we were not able to per-
form double coding of each article by two reviewers, as
requested by the CEE guidelines. We are aware that this
is not a totally rigorous approach, but we anticipated it in
our a priori protocol [36] because we knew that time and
resources would be limited. We think that our approach
did not affect coding consistency because the three cod-
ers (RS, AD, OR) followed the same coding rules and one
person (RS) was present throughout the coding process
to explain the rules to the other coders and to help them
if necessary. In addition, at the end of the coding proce-
dure, RS reviewed the entire map for analysis purposes.
Regarding the coding strategy, we are aware that our
classification (in particular for exposure and outcome
classes) is not perfect, but it is difficult to achieve a
perfect solution. We decided to use published reviews
such as Shannon et al. [34] or Radford [54], but differ-
ent strategies exist. For example, Radford [54] split the
transportation sources of noise (e.g. road, rail, boat),
whereas Shannon et al. [34] grouped them in a “trans-
portation” class. Such classes may appear too broad, but
this strategy produces an initial overview of the available
literature, which is certainly one of the objectives of a
systematic map. As another example, the outcome class
“Reproduction” was also difficult to delimit because it
can include reproduction in the strictest sense (e.g. num-
ber of eggs) as well as other impacts that can influence
reproduction (e.g. physiological impacts on adults in a
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breeding colony). In such cases, we coded the article for
the different outcomes (i.e. biophysiology/reproduction).

Conclusion

This systematic map collated and catalogued literature
dealing with the impacts of anthropogenic noise on spe-
cies (excluding humans) and ecosystems. It resulted in a
database composed of 1794 articles, including 1340 stud-
ies, 379 reviews and 16 meta-analyses published world-
wide. Some systematic reviews and meta-analyses have
already been published and were collected, however, no
systematic map has yet been produced with so few topic
restrictions (all wildlife, all sources of noise, all kinds of
impacts) and using such a large search strategy (two data-
bases, three search engines, etc.).

This map can be used to inform policy, provide the
evidence for systematic reviews and demonstrate where
more primary research is needed. It confirms that a
broad range of anthropogenic activities can generate
noises which may produce highly diverse impacts on
a wide array of taxa. To date, some taxonomic groups
(mammals, birds, fishes), types of noise (transportation,
industrial, abstract) and outcomes (behavioural, bio-
physiological, communication) have undergone greater
studies than others. Less knowledge is available on cer-
tain species (invertebrates, reptiles, amphibians), noises
(recreational, urban, military) and impacts (space use,
reproduction, ecosystems). Currently, this map cannot be
used to determine whether the included studies demon-
strate that noise does indeed produce impacts. However,
it can be the starting point for more thorough syntheses
of evidence. Included reviews and meta-analyses should
be exploited to transfer this synthesized knowledge into
operational decisions to reduce noise pollution and pro-
tect biodiversity.

Implications for policy/management

Given the volume of bibliographic data, we obviously do
not face to a totally unexplored topic. But surprisingly,
this rich literature on the impacts of noise pollution on
biodiversity does not seem to be exploited by practition-
ers and decision-makers. Indeed, to date, noise pollu-
tion has been considered in terms of impacts on human
health, but very little or no consideration has been given
to impacts on other species and ecosystems. Two key
implications emerge from this map.

First, the high volume of reviews and meta-analyses
collected in this map can facilitate the immediate integra-
tion of these evidence syntheses into public policies on
the national and international levels. Some reviews and
the meta-analyses have quantified the level of impacts
concerning the species, sources of noise and outcomes
they considered. A strategy should be defined to assess
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the quality of these syntheses (critical appraisal) and, if
reliable, transfer this already synthesized knowledge to
institutional texts (e.g. regulations, guidelines, frame-
works). Thanks to the exposure categorization under-
taken in this map, many stakeholders and practitioners
(urban planners, transport infrastructure owners, airlines
and airports, military authorities, tour operators, manu-
facturing companies, etc.) will be able to directly identify
the articles that concern their activities/structures. Such
knowledge may also be useful for the European Commis-
sion, which intends to produce indicators to monitor the
reduction of submarine noise pollution, as part of a new
strategy for biodiversity [143].

Secondly, several knowledge clusters identified in this
map may be used for new systematic reviews and meta-
analyses to assess the evidence of impacts. Resources
should be invested in evidence syntheses capable of
exploiting the full range of the mapped literature. In par-
ticular, these analyses could determine sensitivity thresh-
olds for guilds of species representing several natural
habitats. These thresholds are essential in taking noise
pollution into account for green and blue infrastruc-
tures in view of preserving and restoring quiet ecologi-
cal networks. Practitioners (e.g. nature reserves and local
governments) in France have started to implement this
type of environmental policy and this will increase in the
future [144].

Implications for research

New research programs should initiate studies on knowl-
edge gaps, using robust experimental protocols (such as
CE—Control/Exposure, BAE—Before/After/Exposure,
B(D)ACE—Before(/During)/After/Control/Exposure)
[145-148] and taking into account different types of bias
[149-151]. In particular, studies should be started on
some taxonomic groups (amphibians, reptiles and inver-
tebrates), on certain sources of noise (recreational, mili-
tary and urban) and to assess particular impacts (space
use, reproduction, ecosystems) because these popula-
tions, exposures and outcomes have received little study
to date. Many PEO combinations have never been stud-
ied. In addition, the findings of the current map show
that research is not evenly spread worldwide, with main
areas of research being in North America (United States,
Canada). This finding may have an operational impact
because some results may not be transposable to other
contexts. Articles on further studies could also be more
detailed by the authors. Indeed, some meta-data were
unavailable in a significant percentage of the mapped lit-
erature. For example, the study location was unknown for
10% of the studies and approximately 1% of the articles
did not indicate the source of noise or the outcome that
they studied.
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The map findings show that research in ecology has
already addressed the issue of noise pollution. Deeper
analysis is needed to assess the validity of the litera-
ture collected in this map, whether primary studies or
reviews, in order to produce new syntheses and to trans-
fer this knowledge to the applied field.
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