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Among anthropogenic activities, marine seismic surveys are a fundamental tool for oil and gas explorations, geophysical research, environmental hazard, and risk analysis. This resulting noise may affect a range of species, eliciting masking, behavioral responses, and changes in acoustic repertoires. There is an urgency to understand in depth the potential effects of seismic surveys on marine ecosystems since the information available is still scarce. Using Scopus® and Web of Science™ 2023 Clarivate bibliographic databases, we systematically reviewed the scientific literature addressing seismic surveys’ effects on free-ranging marine fauna. The first selection of articles matching selected keywords yielded 680 articles from Scopus and 320 from Web of Science. Screening for research articles written in English investigating marine fauna in its natural environment and performing a quality assessment process resulted in selecting 31 articles since 2001. We found a trend of increasing research efforts in this field with a decrease after 2020 and a broad spectrum of journals that hosted the publications (31 papers published in 12 journals). Although several taxa are investigated, most studies focused on effects on marine mammals. There is a lack of research on diverse animal taxa, and no research papers compare the effects on different taxa along the food chain. Behavioral and physiological effects are the most found by authors in the field. However, observed behavioral changes cannot always be uniquely attributed to the exposure to seismic surveys, as many authors report the influence of other variables (e.g., environmental conditions) during the observations.
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1 Introduction

Marine fauna depends on sound and needs a suitable acoustic environment to thrive (Au, 2000; Hawkins and Popper, 2017; Popper et al., 2020). Human-made noise is widely recognized as a pollutant and a key stressor that may have long-term detrimental effects on marine ecosystems (Commission Decision (EU) 2017/848; Kunc et al., 2016). Anthropogenic underwater sound sources have become ubiquitous, thus increasing background noise and soundscape complexity (Richardson et al., 1995; Duarte et al., 2021). The forecasted growth in the blue economy sector primarily involves emerging ocean-based industries (OECD, 2016) that will generate increased sound emissions in the marine environment (such as Industrial marine aquaculture, deep– and ultra-deepwater hydrocarbons, offshore wind energy, ocean renewable energy, and marine and seabed mining (Camerlenghi, 2021). Among anthropogenic activities, marine seismic surveys are a fundamental tool for mineral explorations, scientific research, environmental hazard assessments, and risk analysis (Gisiner, 2016). Marine seismic surveys employ artificially generated sounds for subsurface prospection designed to produce a single mainly downward-directed impulse that propagates through the water column and into the seabed. Impulse reflections, refractions, and diffractions can be detected from hydrophones or geophones in the water column and seabed. The data is used to understand subsurface sediments and rocks’ petrophysics, the geometry of the geological structure, and the nature of formation fluids (e.g., Gisiner, 2016). The so-called ‘airguns’ are the most commonly used sound sources, whose impulses are generated by expanding a specific volume of compressed air. Airguns are often used in arrays (e.g., Caldwell and Dragoset, 2000). Survey characteristics may vary drastically following the scientific or prospect targets. The volume of compressed air may vary from a fraction of a liter in the case of high-resolution, shallow-penetration targets to tens of liters in deep-penetrating, lower-resolution surveys. Survey duration and density of survey lines over a survey area may range from days to weeks (e.g., three-dimensional surveys) to a single pass (e.g., two-dimensional surveys). In addition to the downward propagating sound useful for prospection, some acoustic energy also radiates laterally from the source generating a complex radiation pattern. Echoes (sound reverberation between reflecting surfaces in the subsurface and with the water/air interface) may produce a longer sound residence in the water column than needed for the prospection. Multiple propagation paths increase the complexity of the received signal and can create long reverberant waveforms of several seconds at extended ranges (Greene and Richardson, 1988; Gordon et al., 2003).

Other lower energy sources that are not considered in this review are used for subsurface prospection in geophysics, such as sparkers or parametric sub-bottom profilers.

An increasing number of scientific studies suggest that the impulses generated during seismic surveys adversely impact marine animal species, eliciting masking, behavioral responses, and changes in acoustic repertoires (e.g., Weilgart, 2023). Consequently, procedures for mitigating the effects of seismic surveys are enforced by the governments with jurisdiction over the Continental Shelf on which the survey is planned. Mitigation measures and the process to release the necessary authorizations vary considerably between governments (also in the case of coastal countries of the same marine basin), at times resulting in lengthy procedures with uncertain results, conflicting relations with non-governmental organizations, loss of opportunities for operators and researchers as well as an increased environmental hazard.

There is an urgency to improve the understanding of the potential effects of seismic surveys on marine ecosystems (e.g., Carroll et al., 2017; Elliott et al., 2019; Affatati, 2020);. Knowledge gaps still exist due to scarce information available on species distribution, the use of habitats, and the lack of standardized measurements. The issue’s complexity requires the involvement of several stakeholders, such as the engagement of a diverse community of public, private, and non-governmental bodies and, often, citizens.

Building on the work of the Technical Group on Underwater Noise (Commission Decision (EU) 2017/848; Dekeling et al., 2020; Sigray et al., 2023) to guide the implementation of the Marine Strategy Framework Directive (MSFD) by EU Member States, we conduct a systematic review of the scientific literature of the peer-reviewed studies addressing the effect of seismic surveys on free-ranging marine fauna. Only field studies on wild animals are considered because they guarantee ecological realism and produce results more suitable to influence the regulatory process (e.g., Tougaard et al., 2015; Gomez et al., 2016; Carroll et al., 2017). It follows that tanks/labs experiments, theoretical, modeling-only studies, and/or research performed in freshwater habitats are not considered in this review.

Underwater noise experiments are frequently performed in tanks due to reduced cost, gain from logistical simplicity, and the possibility of working in a controlled environment. However, researchers need to be aware of the issues of transposing measurement methods from field- to laboratory-based studies since these conditions are not representative of marine ecosystems (Ellison et al., 2012; Rogers et al., 2016; Carroll et al., 2017). Sound propagation is very different from an acoustic free field in these conditions since it is constrained by tank boundaries and complex patterns made from interference at small spatial scale (Duncan et al., 2016; Gray et al., 2016: Jensen et al., 2011; Rogers et al., 2016; Slabbekoorn et al., 2019). In closed artificial environments, source playbacks need to be used instead of real sources, leading to issues in recreating the physical features of the source. On the other hand, fieldwork implies costs and logistical constraints (Rogers et al., 2016). Furthermore, experiments in extremely shallow water depths (e.g., Pearson et al., 1994; Payne et al., 2007) have to deal with challenges in overestimating the level of acoustic energy created by reflections on the water surface (McCauley et al., 2000).

The goal of this review is not to delve into quantitative relations among airgun sources, environmental parameters and effects on animal taxa. Rather, we aim at providing a synthesis of the knowledge through a systematic and repeatable literature analysis.

In this study, we adopt the definition of ‘effects’ of anthropogenic activities specifically on marine mammals proposed by Erbe et al. (2019) as follows: behavioral responses, acoustic interference (i.e., masking), temporary or permanent shifts in hearing threshold (TTS, PTS), and stress (e.g., Richardson et al., 1995; Nowacek et al., 2007; Erbe et al., 2018).

The volume of airgun sources is expressed in cubic inches, shortened with the symbol in3, where 1 in3 = 0.016387 1.




2 Materials and methods

Systematic reviews aim to assess the largest amount of relevant and available scientific literature and to minimize bias using explicit search methods. Whereas narrative literature reviews do not provide procedure details (e.g., databases searched, search terms used), such information is necessary for systematic reviews to replicate the study or validate the interpretation and examine the comprehensiveness of the systematic search. In this way, systematic reviews are a tool complementary to narrative reviews. We acknowledge that systematic reviews are widely applied in health research but are less common in environmental science (Greenhalgh and Peacock, 2005).

This systematic review has been implemented following the guidelines from Snyder (2019) and Mikolajewicz and Komarova (2019) to perform a comprehensive literature search and screening process. Keeping a consistent approach throughout the search allowed us to tackle a transdisciplinary subject in a structured manner. Figure 1 shows a flowchart of the systematic literature review process.




Figure 1 | Flowchart showing the steps followed for this systematic literature review. Flowchart created with https://www.canva.com.





2.1 Keywords and search strategy

Following the process highlighted in Figure 1, we set out to address the first stage with the research question: “How do seismic airgun sources impact marine fauna?”.

In stage 2, the abstract and citation databases used in this analysis were Scopus® and Web of Science™ 2023 Clarivate (initial search February 7 - 11, 2022; validations performed on January 27, 2023, and July 16, 2023). Combining two databases ensured result validation since the Web of Science search engine is more selective than Web of Science. Before choosing the query string, the keywords and the Boolean operators were tested and paired. Through an iteration process, the results obtained were validated among the authors and through their comparison with a selection of expected relevant papers (e.g., Mikolajewicz and Komarova, 2019).

Two query strings were chosen to interrogate each database (Table 1). The terms composing Query String 1 were intentionally selected as broad as possible (“ALL fields” option was used) as suggested by Ahadi et al. (2022). Query String 2 was formulated in order to validate the search with the previous string (“Title-Abstracts-Keywords” were searched in the databases). The terms used in our query strings address source (‘Seismic’, ‘Airgun’, ‘Geophysical prospecting’), impact (‘Effect’, Impact’, ‘Sound Exposure Level’, ‘Behavioral effect’, ‘Physical effect’, Indirect effects) and recipient fauna (‘Marine mammal’, ‘Cetacean’, ‘Whale’, ‘Dolphin’, Pinniped’, ‘Seal’, ‘Bird’, ‘Fish’, ‘Reptile’, ‘Invertebrate’, ‘Amphibian’) are shown in Table 1.


Table 1 | Query strings used to perform the search on the two databases (Advanced search section in Scopus and Web of Science).




The search was not restricted to a time period, but we analyzed results up to and including 2022.




2.2 Screening process and quality assessment

In stage 3 (Figure 1), we manually screened the titles obtained from both database searches for the topic’s eligibility. A complete outline of the screening process is shown in the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flowchart in Figure 2. After screening the titles, we evaluated their abstracts, and, as a last step, we inspected the complete paper’s text. The resulting studies provided information relevant to the study aims, clearly stated the study context, their research objectives, and the results.




Figure 2 | PRISMA 2020 flow diagram for new systematic reviews which included searches of databases and registers only modified from Page et al., 2021 (http://prisma-statement.org/prismastatement/flowdiagram.aspx).



Papers eligibility was screened following these inclusion criteria:

	• Peer-reviewed original research articles dealing with effects (excluding peer-reviewed conference abstracts due to potential lack of detailed information and review papers, following Hackenbroich et al., 2022)

	• Articles exclusively targeting responses to seismic surveys (therefore, excluding cumulative responses due to other anthropogenic stressors and papers studying responses to playbacks and ramp-ups)

	• Articles addressing wild-ranging fauna

	• Articles presenting fieldwork in the marine environment

	• Articles written in English.



The Quartile of the scientific journal in which the articles were published has not been used as a criterion of inclusion/exclusion. When comparing the results from both strings, duplicates were removed.

A final Quality Assessment was conducted following the standard proposed by Dybå and Dingsøyr (2008).




2.3 Limits of the systematic search and methods used to reduce bias in the screening process

The two databases, Scopus® and Web of Science™, used to conduct the query string search were chosen to reduce potential bias in the study design. The Google Scholar database was not employed in our search because the automated database compilation (‘crawling’) provides no additional useful results considering our eligibility and quality assessment criteria.

The selection of research questions and keywords in the database search is crucial, although there is no entirely objective way for their choice (Pullin et al., 2018). Narrowing the spectrum with precise vocabularies may result in missing relevant papers. For this reason, keywords are kept general in order to include the largest amount of literature on the topic (Sierra-Correa and Cantera Kintz, 2015), and no arbitrary search limiters such as geographical regions or year of publication are included in the database search (e.g., Cumpston et al., 2019).

Quality assessment is a critical element of systematic versus narrative literature reviews. This step is mandatory since the broad search needed to avoid missing relevant papers also implies that many non-relevant papers are present in the search results (e.g., medical or engineering science papers). The term “quality” used in this context is not meant to describe the scientific value of a publication. Several papers within the broad aim of the review (i.e., the effects of seismic surveys on wild-ranging marine fauna) have been excluded from our analysis because they lack sufficient details necessary to answer the research question (Tran et al., 2021). In our case, the missing details causing exclusion of papers that may include good quality research in general terms published in Q1 journals are mainly on seismic sources used in the field experiment that do not satisfy the requirements set for our review (compilation of Table 2).


Table 2 | Recipients, effects produced by seismic surveys, noise level, location, and reference of final studies are shown.








3 Results of the search and analysis of the final studies



3.1 General overview

This section analyzes the number of papers published in time, the recipients targeted, the scientific journals, and the locations of the final studies (Figures 3–7).




Figure 3 | Trend in publication year of analyzed papers. (a) papers resulting from the first search with the query strings before the screening (n= 145); (b) Resulting papers (n=31). Percentages are relative to the total papers in each category.






Figure 4 | Scientific peer-reviewed journals in which the papers that passed the screening step are published. Complete Journal names that are shortened in the Figure: JASA, The Journal of the Acoustical Society of America; Proceedings of the Royal Society B, Proceedings of the Royal Society B-Biological Sciences; PNAS, Proceedings of the National Academy of Sciences of the United States of America, Deep-Sea Research Part I -oceanographic research papers.






Figure 5 | Animals studied in the 31 resulting papers (A) animal classes; (B) taxonomic groups, (C) cetacean parvorders, (D) cetacean species.






Figure 6 | World map with locations of final studies on mammals (blue triangles), fish (purple stars), birds (yellow diamond), and invertebrates (green dots). The inserts show the main studies clustered in Eastern Australia and Northern Europe.






Figure 7 | Word cloud showing keywords from the abstracts of final papers.



The first selection of keywords yielded 680 and 320 titles for Scopus and Web of Science, respectively. The screening and quality assessment processes resulted in the selection of 31 papers that were analyzed in terms of years of publication, journals, and study locations (Figures 3–6).

The trend of the resulting publications through time (Figure 3, trend b) shows an increase of the research effort from 2012 to 2017, while there is a decline in publications from 2017 to 2022. The trend a) in Figure 3 shows the yearly number of publications identified generically targeting seismic surveys (n=145).

The spectrum of scientific peer-reviewed journals in which the 31 papers that passed the screening titles were published is wide (31 papers published in 21 journals), with the largest number (n=4) published in the journal Fisheries Research, (Figure 4).

The most studied animal class (52%) is marine mammals, of which 87% are cetaceans, of which mysticetes are the most studied parvorders (Figure 5).

Most marine mammal studies were conducted in Northern European and Eastern Australia seas (Figure 6). Hotspots for invertebrate studies were identified in the Newfoundland and Tasmania continental shelves. Clustered studies appear to be parts of the same research project, frequently supported by the same funding agencies.

The word cloud of the keywords gathered from the abstracts of the 31analyzed papers if shown in Figure 7. The most frequently used words are: seismic, seismic survey, response, effect.

All the results presented in the following sections refer to Table 2 in which species, sound exposure levels and observed effects are described relative to each analyzed paper. Some of the articles describe experiments conducted in the framework of the same project and will be shown grouped under the same project umbrella. Since the studies referring to a common project benefit from a detailed description of the source used, all the papers were kept in this review.




3.2 Mammals



3.2.1 Cetaceans - Harbor Porpoise (Phocoena phocoena)

A ten-day commercial 2D seismic survey with a 470-in3 airgun array (number of airguns not mentioned) was conducted in 2011 by Thompson and colleagues (2013). Acoustic and visual comparison of detection rates of porpoises indicated avoidance responses, showing an increase in relative density at greater distances from the source. However, the disturbance effect was lower than natural variability, and the authors did not find a correlation between prolonged surveys and animal displacement.

Pirotta and colleagues (2014) used the same seismic survey to investigate additional effects. The authors found a 15% reduction in buzz inter-click intervals during the survey. Although there was a high natural variability in the detection of buzzes, the probability of occurrence of the buzzes increased significantly with increasing distance from the source.

During a 3D seismic survey lasting 103 days, Sarnocińska and colleagues (2020) studied two alternating airgun arrays made up of three subarrays of 21 elements with a volume of 3,570 in3. Over a short timescale (minutes), porpoise acoustic activity varied non-linearly with distance from the seismic source. Three indicators of porpoise acoustic activity were investigated: clicks per minute (CPM); porpoise positive minutes (PPM); and the ratio between minutes with buzzes and minutes with any click train calculated per hour: BPM/PPM). They did not differ between the control and the impact stations. The authors observed a dose-response effect with the lowest activity closest to the source vessel, increasing to an 8–12 km range.

Echolocation indexes decreased as a single airgun shot’s broadband sound exposure level increased. Large-scale responses (before, during, and after the survey) showed that before the seismic survey started, the mean CPM, PPM, and BPM/PPM did not differ between control and impact stations. Their mean values increased at both the control and impact stations during the seismic survey. By contrast, the mean BPM/PPM was lower during the seismic survey than before.

Van Beest and colleagues (2018) studied the exposure to a single 10 in3 airgun (reduced volume sleeve gun-I 40 in3). Effects on 5 tagged porpoises (2 females and 3 males) were evaluated. Porpoise ID3 (male) endured the highest noise exposure level of all individuals and showed abrupt changes in horizontal and vertical movement patterns during exposure. The animal altered its vertical movement following noise exposure with temporary declines in dive duration, maximum dive depth, and post-dive surface duration compared to baseline behavior. However, Porpoise ID 5 (female) showed no apparent airgun-related effects in vertical movement patterns. Porpoises with IDs 1,2,4 showed behavioral reactions unlikely to be airgun-related responses.




3.2.2 Cetaceans - Sperm whales (Physeter macrocephalus)

The papers related to the effects on Sperm whales (Physeter macrocephalus) acknowledged the same funding source (Minerals Management Service Cooperative Agreements 1435-01-02-CA-85186 and NA87RJ0445, the Office of Naval Research grants N00014-99-1-0819 and N00014-02-10187, and the Strategic Environmental Research and Development Program grant D8CA7201C0011) and investigated the effects on eight sperm whales in the Gulf of Mexico.

Miller et al. (2009) studied the effects of a dedicated seismic vessel towing an industry-standard airgun array. In 2002, the vessel towed a 20-airgun array (total volume of 1,680 in3). A year later, the vessel towed a 31-airgun array (total volume of 3,090 in3). In both years, the ramp-up procedure was used. Uninterrupted foraging dives were observed throughout the exposure. One of the whales, sw253a, performed typical deep dives alternated by shallower ones; this did not indicate a link between the change of dive pattern and the seismic source sounds. The whale named sw173b showed a bigger effect due to exposure. In this case, the foraging dive performed in the post-exposure condition appeared typical of such species. However, this whale produced a longer-than-average resting bout. The whales did not make strong turns away from the vessel during the survey periods, and the direction of movement during exposure matched movement in previous conditions. Apart from sw173b, the remaining whales exhibited lower pitch during exposure.

Sound exposure levels recorded by acoustic tags (ranges 1.4-12.6 km) from controlled airgun array sources were analyzed by Madsen et al. (2006). The analysis focused on a seismic campaign in 2002 (20 airgun array with a volume of 1680 in3) and in 2003, the seismic vessel used 28 airguns with a total volume of 2590 in3. Due to multipath propagation, the animals were exposed to complex propagation patterns during seismic operations, and high energy pulses (0.3-3kHz) when close to the surface.




3.2.3 Cetaceans - Humpback whales (Megaptera novaeangliae)

The papers analyzed in this subsection are dedicated to effects on southward migrating humpback whales (Megaptera novaeangliae) along the east coast of Australia. Experiments related to the Behavioral Response of Australian Humpback whales to Seismic Surveys (BRAHSS) funded by the Joint Industry Program on E&P Sound and Marine Life (JIP) and by the United States Bureau of Ocean Energy Management (BOEM), (https://www.brahss.org.au/content/project.html). The airgun source used had a volume of 20, 140, and 3,130 in3.

Dunlop et al. (2015) investigated humpback whale (Megaptera novaeangliae) groups’ behavioral response to a 20 in3 air gun. The source vessel moved across or into the migratory flow leading humpback whales to decrease dive time and to move quicker. Results did not show a difference in behavioral response between the control trials and the experimental groups; therefore, the authors conclude that there was evident impact related to the seismic vessel. However, the response magnitude did not depend on the distance from the source, the received level or the exposure time, or the tow direction.

Dunlop et al. (2017a) used the effects of an airgun array of 3,130 in3 (number of airguns not mentioned) during the southward migration of the Eastern Australian humpback whales. Acquisition was preceded by a 30- minute ramp-up phase of the source with volume steps of 40, 250, 500, 1440 in3. Focal and control groups of humpback whales were composed of males, females, and calves. All control groups approached the vessel to a minimum distance of 5.5 km. They significantly reduced their dive time (by 45 and almost 60 seconds, respectively), but returned to their usual diving time after the vessel stopped the survey. Individuals had an elevated blow rate (20% increase) that remained significantly elevated after the survey, suggesting a prolonged effect of the airgun stimulus. Focal groups containing a calf and multiple adult groups tended to have shorter dive times than other adult-only cohorts, as did socially interacting groups. The deviance of the group from their prior course and speed was significantly dependent on the combination of source characteristics, environment variables, and water depth. The general behavioral response to the survey was not considered outside the usual behavior repertoire.

In another study, Dunlop and colleagues (2017b) investigated the magnitude of the behavioral response of humpback whales to noise using a 20 and a 140 in3 airgun array in order to determine the existence of a dose-response relationship. The authors found that whales avoided the surveys inside an area of 3 km from the source if noise levels exceeded 140 re. 1 µPa2 s−1.

Building on the previous studies, Dunlop and colleagues (2018) developed a dose-response model in order to account for the survey vessel and the context of the exposure investigated and study whales’ behavioral responses to an air gun, a small clustered seismic array and a commercial array. In this case, whales showed a response at a 4 km distance from the source and when the received level was above 130 dB re 1 μPa2·s. However, estimating a maximum response threshold was challenging due to the variable behavior exhibited by the whales.




3.2.4 Cetaceans - Bowhead whales (Balaena mysticetus)

The studies by Blackwell et al. (2013) and Blackwell et al. (2015) were funded by Greeneridge Sciences, Inc. and Western EcoSystems Technology, Inc. and investigated the effect of seismic survey exposure on Bowhead whales (Balaena mysticetus) in the Alaskan Beaufort sea.

In the study by Blackwell et al. (2015) bowhead whales were exposed to seismic surveys from 2007 to 2010 using variable size airgun arrays (total volume 3,147 in3 for 3D surveys with 24 guns and from 20 to 880 in3 for shallow hazards surveys). Throughout the study, bowhead whale calls were localized at five sites. On average, the peak calling rate at the site farther away from the survey, was up to 5–6 times higher than that at other sites. The study shows an unexpectedly complex change in bowhead whale calling behavior to received levels of large volume, 3D airgun surveys, characterized by increase, plateaus, and decrease patterns. However, for remote seismic operations or low-level shallow hazard surveys, the increase in calling was considered not to be significant.

Blackwell and colleagues (2013) investigated bowhead whale call localization rates in sites close and far to the seismic operations before, during, and after airgun use. Once the airguns were operating, call localization rates decreased near the survey, but stayed unchanged at a distance. The decrease might result from cessation of vocalizations or avoidance of the activities, but the authors did not have enough information to pick one of the two hypotheses.




3.2.5 Cetaceans - Gray whales (Eschrichtius robustus)

The results by Yazvenko et al. (2007a); Yazvenko et al. (2007b) were in the framework of oil and gas operations by Exxon Neftegas Limited offshore Sakhalin Island, Russia. DalMorNefteGeofizika conducted a 3D seismic survey from August 17 to September 2001. The data was collected with aerial surveys from July 19 to November 19. The volumes used were 100, 370, 1,640, and 3,090 in3.

Yazvenko et al. (2007a) collected data on the distribution and abundance of gray whales after the 3D seismic survey and in relation to environmental factors. Date and proxies of depth, sea state, visibility, and the received sound energy accumulated over 3 days significantly affected distribution and abundance; however, the number of whales remained unchanged during the survey.

Frequency of mud plumes observed on the surface were used by Yazvenko et al. (2007b) as proxies of gray whales feeding activity. The results highlighted that seismic surveys did not hinder feeding activities; on the other hand, the transect number (used as proxy for water depth) and swell height (used as proxy for sea state) could be correlated with an impact from surveys.




3.2.6 Pinnipeds - New Zealand fur seals (Arctocephalus forsteri), ringed seals (Pusa hispida), bearded seals (Erignathus barbatus), and spotted seals (Phoca largha)

Lalas and McConnell (2016) recorded the responses of New Zealand fur seals (Arctocephalus forsteri) during daylight hours during a 3D seismic survey (two identical airgun arrays with a volume of 3,090 in3) offshore southern New Zealand. Results were not conclusive since the sighting rate and the distance also decreased with deteriorating sea state and the survey vessel and the towed instruments created obstacles that elicited a response.

Numbers, distance, and behavior of ringed seals, bearded seals, and spotted seals were investigated during seismic operations offshore northern Alaska (July-September 1996; 11 Bolt 1900LX airguns with a total array volume of 1,320 in3; Harris et al., 2001). About 79% were first seen within 250 m of the seismic vessel, and the sighting rate declined rapidly at lateral distances >50 m. Seals tended to stay farther away during full-array seismic. There was partial avoidance of the zone <150 m from the boat during full-array seismic, but seals apparently did not move much beyond 250 m.





3.3 Invertebrates



3.3.1 Crustaceans

The projects whose main results are described in this subsection belong to the same funding framework (Environmental Studies Research Fund and Fisheries and Oceans Canada) and target the effects on snow crabs (Chionoecetes opilio). In this project, total volumes of airgun arrays of 4880 in3f or the 2 D and of 4,130 in3 for the 3D were used.

Morris et al. (2018) reported on Before-After-Control-Impact experiments in 2015 and 2016 to study prolonged exposure to a 2D commercial seismic survey. The median daily sound exposure level was higher in 2015 than in 2016 (13 dB higher at the control site and 11 dB higher at the treatment site). The seismic source did not generate interface waves that would increase particle motion at the seabed. Catch rates during the survey varied with water depth, but no correlation could be found between catch rates and exposure to the seismic survey.

In a later work, Morris and colleagues (2020) found a consistent difference in SEL between the new and previously studied 2D and 3D seismic surveys in the same area in 2017 and 2018. 2D seismic surveys increased the daily SEL by −30 dB in the survey area on the day of the survey. In comparison, 3D seismic surveys similarly increased the daily SEL in each ship pass, while multiple passes generated an overall larger increase in daily SEL. As in the 2018 study, the conclusion was that the significant factor affecting catch variability was water depth and not exposure to the 2D seismic survey. In relation to the 3D seismic surveys, catch rates were found to be greater two weeks after than during exposure. In 2017, the authors found a 95% reduction in catch rates during exposure compared to two weeks after the exposure. In 2018, an increase of 204% occurred after several weeks of exposure, followed by a decrease of 43% two weeks after the end of the survey.

Cote and colleagues (2020) studied telemetry tracks for 245 snow crabs (78% of individuals tagged) in relation to a 2D commercial survey vessel. Crab velocity in movements outside the seismic exposure was influenced by time since release, the hour of the day, and water temperature. These invertebrates tend to increase their velocity at night and in warm waters, especially following release and until they stabilize after 60 h. The authors studied the behavioral states by analyzing step lengths and turning angles during seismic exposure. Although snow crabs changed three behavior states, their behavior and movement direction did not show correlations with seismic exposure. The average movement direction was consistent after exposure but not before and after.

The results of the first three studies described below belong to the Fisheries Research and Development Corporation (FRDC Grant 2012/008). The four manuscripts describe effects of seismic surveys on the spiny lobster (Jasus edwardsii). A Sercel G Gun II with 45 in3 or 150 in3 chamber was used.

Day et al. (2016) studied the exposure of egg-bearing female spiny lobsters to signals from three airgun configurations. Based on the conditions of the hatched larvae, the authors maintained that there were no indications of impacts of seismic surveys on larvae fecundity, morphology, and competency.

Four controlled field experiments were conducted by Fitzgibbon et al. (2017) to examine the effects of seismic acoustic signals on spiny lobster. The results of the total haemocyte count and haemolymph refractive index tests performed after exposure showed that exposure to seismic sources can impact lobsters’ immunological capacity and hamper nutritional conditions. On the other hand, the investigation of 24 haemolymph biochemical parameters indicated that no impact was found after exposure.

Results following exposure equivalent to a full-scale commercial array (100–500 m distance), exposure to air gun signals caused morphological damage to the statocyst of lobsters. J. edwardsii showed reflex impairment and statocyst damage persistent up to 365 days post-exposure and did not improve after moulting (Day et al., 2019).

Day et al. (2022) investigated mortality rates, dorsoventral righting reflex, and progression through moult cycle of J. edwardsii juveniles and puerulus lobster exposed to seismic surveys. Exposure did not result in mortality, although it caused righting impairment in adults and juveniles. The authors found a significant increase in intermoult duration in juveniles very close to the source; the change in this parameter might indicate the potential for hindered development, growth, and an increase in stress response.




3.3.2 Zooplankton

In March 2015, during a 2-day seismic survey with a single 150 in3 airgun, McCauley and colleagues (2017) studied thirty-four plankton taxa in net tows with 189 taxa/tow combinations. The received sound exposure levels were: 156 dB re 1 μPa2s−1 (183 dB re 1 μPa peak-to-peak) at 509–658 m range, and 153 dB re 1 μPa2 s−1 (178 dB re 1 μPa peak-to-peak) at 1.1–1.2 km range. After air gun exposure, there was a statistically significant lower zooplankton abundance (reduced by ≥50% of the number of individuals per m3 216 of water). Abundance reductions after exposure of no-change, 25%, and 50%, compared with control values, occurred at ranges of 808, 639, and 409 m from the seismic source, respectively. There were two to three times more dead zooplankton specimens after exposure compared with control treatments, and all krill larvae were dead following exposure.





3.4 Fish



3.4.1 Demersal fish

Meekan et al. (2021) investigated the impacts of a 5-day long commercial 3D seismic survey using two airgun arrays (10 Sercel G Gun II) of 2,600 in3. The researchers did not find evidence of major changes in the fish assemblage structure or species richness. No change in the mean size of L. punctulatus, L. sebae, L. vitta, Epinephelus areolatus, Epinephelus multinotatus, Plectropomus maculatus and in the time of first feeding for Nemipterus furcosus, A. stellatus, L. punctulatus, L. sebae, L. vitta, E. areolatus, E. multinotatus, Argyrops notialis, P. maculatus was found. The authors argue that there was no change after exposure in the likelihood of feeding on the bait for L. vitta, E. areolatus, E. multinotatus, A. notialis.




3.4.2 Pelagic fish

The spatial distribution and abundance of pelagic fish before, during, and after three 3D seismic surveys (2 arrays of 20 airguns each with a total volume of 61800 in3) were investigated by Slotte and colleagues (2004). Abundance increased moving away from the center of the seismic survey area during the first two surveys but not during the third one. Fish vertical migration was influenced by the time of day and the seismic activity in both blue whiting (Micromesistius poutassou, 10 m deeper during shooting periods) and mesopelagic fish (50 m deeper). The conclusion is that with the exception of a possible influence on vertical movement, there is no evidence of substantial short-term effects.

McQueen et al. (2022) investigated potential cod (Gadus morhua) displacement caused by seismic surveys from spawning grounds. The tagging fieldwork spanned from 2019 to 2021; 136 mature cod in the test site and 45 in the reference site were equipped with acoustic transmitters. The seismic survey lasted for 1 week during the spawning seasons in 2020 and 2021 and was conducted with two 40-in3 airguns. Movement variations varied between 2020 and 2021, but were similar between test and reference sites, indicating no significant cod displacement due to seismic exposure (received SEL up to 145 dB re 1 μPa2 244 · s).

In another study focused on the movements of free-swimming Atlantic cod (Gadus morhua), van der Knaap and colleagues (2021) analyzed the effect of a full-scale seismic survey. The results showed that while cods did not avoid the area during the survey, they did from 2 days to 2 weeks after the survey. However, during the experiments, G. morhua exhibited disruptions of diurnal feeding activities, unraveling an issue that could potentially hinder energy budgets leading to consequences at the population level.

Davidsen et al. (2019) performed a short-term field experiment using a Bolt Longlife airgun (40 in3) to investigate the effects on Atlantic cod (Gadus morhua) and saithe (Pollachius virens). Biologgers and acoustic transmitters recording heart rate and body temperature and acoustic transmitters recording acceleration and depth were used to monitor free-swimming individuals and the behavior of cod and saithe was also monitored using video recordings. The authors stated that cod suffering from bradycardia due to particle motion might be an indication of an initial flight response. Although no startle response was observed, cod and saithe increase unpredictability of swimming depth and horizontal position. Results show fish habituation when exposed to repeated sounds, and airgun signals used in the study are unlikely to cause long-term physiological or behavioral effects.

In the experiments performed by Bruce et al. (2018), a 2D marine seismic survey was undertaken over part of the western Gippsland Basin with a single 2,530-in3 airgun array (16 airguns). During the seismic survey, no tagged swell sharks (Cephaloscyllium ventriosum) were found near the array. Environmental variables were also investigated and were found to be crucial. Where the water temperature was high, the swell sharks covered less distance, and sharks tagged during the control experiment moved more with respect to the experimental array. Average daily temperature and hour of the day were the most significant variables for gummy sharks (Mustelus antarcticus) and swell sharks, respectively. On the other hand, the combination of hour of day, temperature, and period with respect to the survey was found to be essential variables in connection with flathead sharks (Apristurus macrorhynchus) movements; these animals were more sedentary before, during, and after the survey.

During the six months following the survey, six species (tiger flathead, goatfish, elephant fish, boarfish, broadnose shark and school shark) showed an increase in catch rate, and three species (gummy shark, red gurnard, and sawshark) showed reductions. Little consistency in behavioral responses or catch rate changes was found in connection with the seismic survey.





3.5 Birds



3.5.1 African Penguins (Spheniscus demersus)

The impact of seismic surveys on penguins was investigated by Pichegru and colleagues (2017). 2D surveys were made with four arrays with a total volume of 4,230 in3. No information is available on sound levels. During the surveys, penguins showed a marked avoidance of foraging areas and a preference for foraging areas farther away from the vessel. Foraging behavior reverted to normal after the end of the survey. However, a group of penguins stationed in St. Croix Island preferred foraging areas closer to the seismic survey vessel’s location in 2013. By contrast, Bird Island penguins consistently traveled away from their colonies, regardless of seismic activities. The authors stated it was not possible to distinguish if penguins’ avoidance reaction was due to a potential change in prey distribution or by a disturbance caused by noise.

Table 3 shows how many of the resulting studies investigate effects from large-scale oil and gas surveys or smaller studies that can be compared to research-style surveys.






4 Critical discussion on the main results from final studies



4.1 Lack of results on a broad variety of animal taxa

The analyzed bibliography confirms that the marine organisms that are mostly studied in the natural environment to assess the effects of seismic surveys are mammals and, more specifically, mysticetes (Figure 4). The reason for this focus is that these apex predators rely on sound for most of their biological functions and that sound can influence the presence of other predators or their prey (Glen and Dickman, 2014). However, odontocetes represent the first trophic level in marine ecosystems, and a first important consideration drawn from this review is that little knowledge exists on species belonging to other levels of the trophic chain that play an important ecological role.

Even if still scarce, the number of studies on fish and invertebrates has proliferated in recent years (e.g., de Jong et al., 2020; Solé et al., 2023), allowing for an improved understanding of the possible consequences of marine seismic surveys on ecosystem dynamics (Williams et al., 2015). Particular attention should be paid to the fact that fish and invertebrates are sensitive to the particle motion component of sound. Only a few studies reported values for particle motion (e.g., Table 2; Popper and Fay, 2011; Morley et al., 2014), and the use of sound pressure to derive particle motion is not commonly feasible (Day et al., 2022).

Long-term impacts data on fish is often missing (Carroll et al., 2017; Hawkins and Popper, 2017). McQueen et al. (2022) and Slotte et al. (2004) did not find evidence of any specific short-term effects on cod and shark behavior. However, because tagged cods were not displaced from their spawning grounds in this study, it cannot be excluded that the vertical movement of mesopelagic species indicate a potential short-term reaction to anthropogenic noise. Regarding shark behavior, Bruce et al. (2018) did not find consistencies among observed impacts, and their survey revealed insignificant short-term effects. Nevertheless, despite the scarce data on the physical and behavioral effects of seismic surveys on fish, with behavioral effects being the most studied (Hawkins and Popper, 2017; Popper et al., 2014), the American National Standards Institute has provided peer-reviewed recommendations for setting criteria for fish. Sound exposure criteria need to be provided for non-hearing taxa (e.g., invertebrates, Hawkins and Popper, 2017), while the development of criteria has been focused on protected species of marine mammals. In addition, there is still an incomplete understanding of impacts on invertebrates (Day et al., 2016). More specifically, there is a lack of studies focussing on effects on marine invertebrate embryos, and some authors (e.g., Day et al., 2016) highlight the potential disputableness of some of the methods used to obtain the published results.

The only resulting study investigating marine birds offers some explanations for potential disturbances by seismic surveys observed in penguins. Due to the lack of data, Pichegru et al. (2017) discuss potential general effects on marine mammals and state that some information is available only on the underwater hearing capacities of cormorants. However, it is unclear whether penguins’ avoidance is a direct disturbance from the noise or a consequence of prey limitation (Pichegru et al., 2017), and the authors do not have enough definitive results.




4.2 Focus on single Vs. multi-species studies

Most of the research analyzed focus on the effects of seismic surveys on one species in a specific area. The exceptions that tackle more than one species are 4 studies analyzing fish (Table 3; Bruce et al., 2018; Davidsen et al., 2019; Slotte et al., 2004; Meekan et al., 2021).


Table 3 | Final studie and type of survey.




We note a general interest in analyzing fine-scale movements and individual animal behavior in response to exposure. For example, van Beest et al. (2018) investigated individual harbor porpoises’ fine-scale movement responses, concluding that inter-individual variability is frequent, with reactions varying by gender, age, sexual condition, and other physical factors such as habitat use. While detailed knowledge is important, pursuing a detailed-oriented approach might lead to a lack of a comprehensive view. Impact assessments are often not transferable nor generalizable, and there is a strong need for a standard procedure that can be applied, under given hypotheses, to different groups of individuals in different areas (Przeslawski et al., 2018). Day et al. (2019); Day et al. (2022) compared impacts on lobsters in cages produced by a commercial seismic source (MV Geo Coral 2820 in3) with those produced by a single 150-in3 airgun source claiming that the exposure can be scaled from the single source to a large array such as those used for commercial geophysical surveys. In contrast, Gomez et al. (2016) argue that theoretical values of sound exposure, or values obtained in experiments, cannot be extrapolated among different groups of individuals or species.

There is a need for more comparison of effects among animal classes (e.g., Erbe et al., 2019; Williams et al., 2015) and for comprehensive studies that bridge the gap among disciplines and integrate visual observations, passive acoustic monitoring, tagging studies, environmental variables, and numerical simulations (Kellet et al., 2014).

Furthermore, all studies on fish (e.g., Cod (Gadus morhua)) and the seven studies on invertebrates (i.e., the Southern Rock Lobster (Jasus edwardsii) and the snow crab (Chionoecetes opilio)) investigate commercially important organisms. The focus on commercial species, however, is not as common as it may appear from this review’s systematic selection (Edmonds et al., 2016; Carroll et al., 2017).




4.3 Changes in behavior and physiological effects

Observed changes in movement behavior (e.g., swimming speed) showed extensive variability, depending on the taxa, exposure conditions, specific activity, and context (e.g., Davidsen et al., 2019).

As mentioned by Yazvenko et al. (2007b), studying the effects on animal activity patterns (e.g., foraging) might be particularly challenging also due to a lack of related available literature.

In the experiments conducted by Dunlop et al. (2017a), the behavior of migrating humpback whales did not depend on the presence of the seismic vessel but only on the presence of other whales and the engaged behavioral activity. Group composition influence movement patterns and dive parameters. Female–calf pairs were reported to be performing consistent course deviations even after the end of the survey or when exposed to low received levels. Even if the seismic source characteristics were not reported, Cerchio et al. (2014) reported significant decrease in the number of humpback whale singers with increasing received levels of the surveys. From this observation, authors infer a disruption in breading display.

Heide-Jørgensen et al. (2021) argued that narwhals were affected by airgun pulses and tried to avoid the source by changing their horizontal swimming direction. On the other hand, Miller et al. (2009) reported that sperm whales did not diverge from their course of travel to avoid the seismic vessel inside an exclusion zone of 13 km. Satellite observations on tagged sperm whales during multi-year seismic prospecting activities in the Gulf of Mexico suggests that distances and orientations between whales and active seismic vessel airgun arrays at this scale appear to be randomly distributed with no evidence of horizontal avoidance (Winsor et al., 2017).

However, as mentioned by Southall et al. (2021), the absence of behavioral responses does not equate to an absence of impact. Miller and colleagues (2009) further noted that the whales reduced their foraging rate even at moderate received levels and large distances from the sound source. A rare study about the seismic survey effect on penguins inside a survey exclusion zone of 100 km showed a change of foraging direction away from the vessel (Pichegru et al., 2017). It can be argued that in specific circumstances (e.g., foraging, mating), animals need to trade-off between exposure to noise and nutritional needs or reproductive opportunities (Lusseau, 2014). Although animals might be exposed to airgun noise regularly depending on their habitat, habituation cannot be considered a solution to the problem of underwater noise.

Biologically significant behavioral changes might affect one or more life functions given the importance of the animals’ energetic status (van Beest et al., 2018). Blow rates of humpback whales increased by ~ 20% during and after exposure to airgun pulses (Dunlop et al., 2017a). Displacements of individuals harbor porpoises or groups from feeding areas or disruption of natural behaviors implies an increase in energy consumption (van Beest et al., 2018; Wisniewska et al., 2018; Sarnocińska et al., 2020). Different marine environments may stir animals’ energetic demands. For example, cetaceans living in cold environments might have high energy demand or may be vulnerable to energetic migration costs resulting in implications for the growth potential of calves (Dunlop et al., 2017a; Sarnocińska et al., 2020).

Among behavioral effects, changes in vocalizations are often observed. When discussing vocalization changes due to noise, the available literature usually refers to the Lombard response - a change in vocal amplitude or acoustic frequency due to noise (Gomez et al., 2016; Thode et al., 2020). The Lombard effect has an energetic cost because “vocal performance affects metabolic rate” (Holt et al., 2015).

Observed changes in porpoises’ buzzing patterns could be linked to disruption of foraging and may be the result of an indirect effect of noise (Pirotta et al., 2014). A reduction in vocal activity of harbor porpoises during exposure to a seismic survey was highlighted by Pirotta and colleagues (2014). According to Blackwell et al. (2015) “Cessation of calling or vocalization variability is likely one of the first measurable behavioral changes”. The authors maintained that whales resumed calling very rapidly after shut-down of the seismic sources.

Dunlop et al. (2015); Dunlop et al. 2017a; Dunlop et al. 2017b; Dunlop et al., 2018) conducted their experiments on the effects of seismic surveys on humpback whales in the framework of the BRAHSS project. During the years, the authors found a high variability in behavioral response which, although more likely to occur within the avoidance zone, was inconsistent among groups in terms of onset, duration, and received level. Dunlop et al., (2017a) and colleagues did not find evidence of threat perception (no fight-or-flight response), changes in dive behavior or respiratory rates.

Physiological effects were reported in studies investigating invertebrates (mostly lobsters) and fish and showed variability depending on taxa and growth stage (Table 2). Seismic surveys did not result in invertebrates mortalities with the exception of larval krill (McCauley et al., 2017). Negative influences on lobster nutritional and immunological capacity, impaired righting and damage to sensory hairs of the statocyst were identified in the fieldwork performed by Day et al. (2019); Day et al. (2022). The authors also found persistent righting impairment in adult individuals at close range from the source, and an increase in intermoult duration in juveniles. Slotte and colleagues (2004) did not find “convincing evidence of short-term scaring effects” on cod.




4.4 Problems in standardization of experiments and in choosing metrics

Research studies on behavioral reactions of cetaceans to anthropogenic sounds report a wide variety of responses (Blackwell et al., 2013). When dealing with the effects of seismic surveys on marine fauna there is a need for common metrics (Ainslie et al., 2017; de Jong et al., 2021). This need is being stressed particularly in the work of the ISO groups. Metrics should be reported according to the International Organization for Standardization, ISO 18405:2017.

Differences in behavioral and social conditions limit the potential for comparisons among taxa, species, and individuals (Gomez et al., 2016). Moreover, a high variability in vocabulary is used in studies to describe behavioral activities (Ainslie et al., 2021). In addition, most studies lack complete information on seismic sources and make use of dissimilar methods of measuring responses, and received levels definitions (e.g., peak-to-peak, RMS, bandwidth; ISO 18405:2017, Table 2). Moreover, sound propagation metrics (e.g., water depth, bathymetry, seabed, and subsurface composition) are rarely reported from measurements or assumptions. Sound exposure criteria have been adopted for marine mammals (Southall et al., 2007; National Marine Fisheries Service, 2018; Southall et al., 2019). Southall et al. (2007) published a set of recommended metrics that should consider the species, the exposure context, and the specific metrics. Nevertheless, criteria differ worldwide, and researchers and stakeholders are aiming to implement common and complete metrics (Hawkins and Popper, 2017).

We believe that there is a focus on the effects on small size groups of individuals, and a general need for more information, shared methodologies and data, and standardization. As an example, following the new threshold values for impulsive noise that should be implemented in all EU regions (Sigray et al., 2023), Juretzek and colleagues (2023) presented three regional case studies that allowed them to evaluate noise registries data availability, quality, and accuracy.

Bridging the gap of disciplines through interdisciplinary collaborations is needed to advance scientific knowledge, as suggested also by Kellet et al. (2014) in the framework of the effects of ship radiated noise.

Finally, it is worth noting that some authors focus on studies whose objective is oil and gas exploration surveys. As an example, Meekan et al. (2021) used measurements of SEL, keeping the exposure as close as possible to industry surveys operating in similar water depths. In 2016, Day and colleagues performed their experiments using three different survey configurations suited to intermediate resolution shallow geological investigations, or shallow gas surveys, exploring the dose dependency and the environmental contribution. The resulting SEL (referred to lobsters in this case) was tentatively compared to that produced by large-scale industrial seismic surveys. We note a paucity of studies (Table 2) aimed at assessing the impacts of the typical source parameters used for academic marine geophysical research commonly employed by research vessel fleets worldwide.




4.5 Context variability

Context plays a role in determining response variability, in terms of the immediate social environment of the animals and their behavioral state (Ellison and Frankel, 2012; Ellison et al., 2012). Other aspects, such as proximity of the source (not just received levels) need to be factored in (Dunlop et al., 2018). In addition, the animal may be avoiding not just the seismic source but also the survey vessel (Dunlop et al., 2017a). In their review of the effect of underwater noise on marine mammals, Gomez et al. (2016) assessed the importance of coupling a specific Received Level (RL) with contextual information. The authors argued that a more severe behavioral response does not necessarily correspond to a higher received level, and additional information is needed to establish a relationship dose-response (see also Dunlop et al., 2017b). For example, different cetaceans belong to different functional hearing groups, and their response profiles depend on the source type (Gomez et al., 2016, Table 4). Intrinsic characteristics of each sound source may be important in predicting the severity of behavioral responses. McCauley and Duncan (2017) went a little further and speculated that signal sharpness is the feature that causes physiological effects in marine invertebrates.





5 Conclusions

We conducted a systematic review of the scientific literature of the peer-reviewed studies addressing the effects of seismic surveys on free-ranging marine fauna. The advanced search was performed in Scopus® and Web of Science™ 2023, yielding a total of 1000 peer-reviewed papers which were screened using various eligibility criteria. This systematic literature review addresses the resulting 31 relevant papers spanning in time from 2001 to 2022.

The main conclusions of this literature review are:

	• The relevant animal classes in the research studies are: mammals (n = 16), invertebrates (n=8), fish (n=6), and birds (n=1). There is still a disparity in the number of papers focusing on mammals with respect to other classes. There is a lack of studies that analyze more than one taxon. Most of the studies address a single species (e.g., Harbor Porpoises); when addressing more than one species, these belong to the same class (e.g., fish). Frequently, several papers are published using the same data of one experiment funded within one research project. This situation might lead to the creation of hotspots where the majority of studies are clustered.

	• A variety of responses is linked to seismic surveys effects. For example, observed behavioral changes cannot be always uniquely attributed to the exposure to seismic surveys. Sometimes, authors reported the influence of other factors (e.g., movement patterns also influenced by prey availability, vertical migrations also influenced by time of day) on behavioral changes during the observations. Moreover, the majority of the studies exploit independently-planned surveys (n=25); therefore noise produced by vessels should be also taken into account, leading to further variability and complexity of responses. In a dedicated survey, sound produced by vessels might be reduced by temporarily reducing or stopping the propellers.

	• Research on the effects of marine seismic surveys on marine fauna suffers from a lack of common metrics and standardization of measurements. Further studies are needed to explore and assess disturbance generated by sources used for seismic surveys, specifically those planned for academic research, through field observations that include long-term consequences, ecosystem-level implications, and indirect effects over diverse animal classes.
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of
Newfoundland

Small effects relative to natural variation Grand Banks
of
Newfoundland

Effect-"p” Locat:

Condition and development of embryos not impacted Shoemaker
Point,
Tasmania

«  No mortalities Storm Bay,

« Little impact on electrolyte, metabolite, enzyme balance; Tasmania

resilient haematological homeostasis

« Potential negative influence on nutritional and

immunological capacity

« Impaired righting and damage to sensory hairs of the Shoemaker

statocyst. Reflex impairment and statocyst damage Point,
Tasmania

« No mortalities Lakes

« Righting impairment to at least 500 m Entrance,

« Persistent impairment exposure (close range: 0 m) Victoria

« Recovery for juveniles exposed at 500 m

« Increase in intermoult duration in juveniles

« Larval krill were killed Tasmania,

« Decreased zooplankton abundance Australia

Location

Meekan et al,, Demersal fish

2021

Reference Receiver
McQueen Atlantic cod (Gadus
et al,, 2022 morhua)

Slotte et al., Pelagic fish

2004

Reference Receiver
Bruce et al., Commercial species *
2018

van der Knaap | Atlantic cod (Gadus

etal, 2021 morhua)
Davidsen Atlantic cod (Gadus
et al, 2019 morhua) and saithe

(Pollachius virens)

Reference Receiver

+« SL=231dBreluPa@ 1 my

+ mean square pressure = 228 dB
re 1 pPa?/m’/s;

« SEL =247 dB re 1 uPa m peak-
to-peak pressure

« 15° below the horizontal

« lack of directionality in the array

Sound features

« SELupto~145dBre 1 uPa’s
« NA source directivity

« NA sound levels and source
directivity

Sound features

« SEL =146 dB re 1 uPa’ (1.4 km
from the source)
« NA source directivity

« Fluctuations in time in SPL
(median SPL -60 s temporal
observation window = 116 dB re 1
WPa2 in the 40 - 400 Hz bands

« Increase in median SPL by 7 dB
to 123 dB, during exposure

« SELcum (3.5 day survey period)
at the receiver position = 186.3 dB re
1 pPa2s in the 40 - 400 Hz band

« SELsp 105 - 158 dB re 1 uPa2-s
« SELcum 105-175 dB re 1 pPa2-s

« No consistent trends in abundance changes Pilbara coast,

« No evidence of significant decline in relative species Western
abundance Australia
« No consistent change in mean species sizes
Effect — “p” Location
« No displacement Austevoll
archipelago,
Norway
« Decrease presence inside the survey area Western
« Insignificant short-term scaring effects Norway
Effect — "b" Location
« Flathead: increase in swimming speed during the survey; Bass Strait,
change in diel movement patterns after the survey Australia
« Tiger flathead, goatfish, elephantfish, boarfish, broadnose
shark and school shark: increase in catch rates after the
survey
* Gummy shark, red gurnard, and sawshark: little evidence
for consistent behavioral or catch rate changes induced by
the survey
« No consistent area avoidance during the experiment Bligh Bank,
« More pronounced area avoidance from 2 days to 2 weeks | offshore
after the survey. Zeebrugge
« Increase in shorter movements at small distances during
exposure,
« Increase in inactivity time
« Disruption of diurnal activity cycles
« Cod: increased bradycardia in response to the particle Vinjefjorden,
motion component of the sound (initial flight response). No = Norway

behavioral startle response
« Cod and saithe: frequent change in swimming depth and
horizontal position. Habituation to exposure

Mammals

Sound features

Sound
features
Location

Effect — “b"

van Beest Harbor porpoises « RL peak to peak 216 dB re 1 pP « Changes in horizontal and vertical movements Skagerrak -
et al, 2018 (Phocoena phocoena) @lm Belt Sea
« SEL=186 dBre 1 pPa’s @ 1 m
« RMS=195 dB re 1 pPa over
152ms
« NA source directivity
Pirotta et al., « Peak SL = 242-253 dB re 1 pPa « Increase in probability of occurrence of buzzes with Moray Firth,
2014 atlm distance from source Scotland
« NA source directivity « No broad-scale displacement
« Reduced buzzing activity by 15%
« Declined probability of occurrence to 0.1-0.2 at lower
SEL of 150-165 dB re 1 puPa’s
Sarnocinska « Single pulse SELSS 155 dB re. 1 « Decrease in echolocation signals detected up to 8-12 km North Sea,
et al, 2020 uPa2s « No general displacement Danish side
« Leq-fastHF 126 - 140 dB re. 1
uPa
« NA source directivity
Thompson « Received peak-to-peak SPL = « No displacement Moray Firth,
etal, 2013 165-172 dB re ImPa «  Avoidance reactions at peak-to-peak SPL > 174 dB northeast
«  SELs= of 145-151 dB relmPa2s2 relmPa, SEL = 145 dB re 1mPa2s2 Scotland
« NA source directivity
Dunlop et al., Humpback whales « SEL=130dBrelpuPa’s « Changes in behavior, without abnormalities Peregian
2017a (Megaptera novaeangliae) « Signal directional in the « Reduction in migratory speeds Beach,
horizontal plane, higher levels 55°- Australia
130° (starboard beam) and 230°
-310° (port beam) re 0°.
Dunlop et al., + Received SEL 130 -170 dB re 1 « Increase in avoidance response when the received SEL > Peregian
2018 WPa2s 130 dB re 1 pPa2s (within 4 km from source) Beach,
« No avoidance response for whales moving rapidly close Australia
to the vessel at received SEL 160-170 dB re 1 pPa2-s
« No maximum response threshold
Dunlop et al., + Received SEL =105 - 156 dBre 1 | o Decrease in dive time and speed of southwards Peregian
2015 uPa2. s movement was not found to be related to: proximity of the Beach,
source, received level of the air gun, tow path direction, Australia
exposure time within the during phase
Dunlop et al,, + Received levels > 140 re. 1 pPa2 « Significant avoidance response within 3 km of the source | Peregian
2017b at received levels > 140 re. 1 pPa2 s-1 Beach,
« Importance of proximity and received level Australia
« Complex relationship between dose (received level) and
response
Miller et al., Sperm whales « SL=258dBrelpPaatlm « No interruption in foraging dives for 6 of the 8 whales Gulf of
2009 (Physeter macrocephalus) (peak-peak) in the 3-800 Hz freq. « No change in course of movement Mexico
band « Lower pitching effort during full-array exposure
o SL=261dBreluPaatlm
(peak-peak) in the 3-218 Hz freq.
band
« RL=140-160 dB re 1 yPa peak-
peak.
« Na source directivity
Madsen et al,, « Received levels of up to 162 dB re | « No interruption in foraging dives for most whales Gulf of
2006 1 Pa pp 127 dB re. 1 Pa2 s. (ranges: Mexico
40 - 13 km
Blackwell Bowhead whales (Balaena o CSEL;g.pmin of ~94 -160 dB re 1 « Decrease in calling rates with the increase of cumulative Beaufort Sea
et al, 2015 mysticetus) uPa’-s sound exposure levels
« Variable SPL and SEL as listed in
the publication supporting
information
+ NA source directivity
Blackwell Median received levels from airgun « Drop in call localization rates near the survey Beaufort Sea
etal, 2013 pulses (SPL): 99-129 dB re 1 IPa + No change in call localization rates far from the survey
(10-450 Hz)
Yazvenko Gray whales (Eschrichtius Sound levels 163 dB re 1 p Pa (rms) « Change in distribution and abundance Northeast
et al, 2007a robustus) « Stable number of whales observed Sakhalin
Island, Russia
Yazvenko Received seismic sound levels = 163 - | No measurable effect on bottom feeding activity
et al,, 2007b 177 dB re 1 pyPa
Lalas and New Zealand fur seals NA « Deterioration in sea state decreased sighting rate and the Continental
McConnell, (Arctocephalus forsteri) distance of seals to survey slope off
2016 « Response hindered by vessel and towed gear seen as southern New

Harris et al., Ringed seals (Pusa

2001 hispida), bearded seals
(Erignathzls barbatus),
spotted seals (Phoca
largha)

Reference Receiver

Pichegruct al, | African Penguins
2017 (Spheniscus demersus)

«  Received levels from the full array
=>180 dB re 1 pPa (rms)

Sound feature

«+ NA sound levels and source
directivity

physical obstacles Zealand

Alaskan
Beaufort sea

« Sighting rate decreased
« Distance increase (<= 250 m) during operations

Effect — "b” Level

Location

« No clear impacts on foraging efforts South Africa

Cells colored in red: studies which found a definitive effect. Cells colored in yellow: studies which found a small/potential effect. Cells colored in green: studies which didn’t find an effect
Terminology used in the table follows the terminology used in the published papers and might not be consistent with ISO. *Angel shark, goatfish, boarfish, broadnose shark, elephantfish, gould’s
squid, gummy shark, jackass morwong, john dory, red gurnard, sawshark, school shark, snapper, swell shark, tiger flathead. “b”, behavioral; “p”, physical/physiological, “I", indirect.





OEBPS/Images/fmars.2023.1222523_cover.jpg
& frontiers | Frontiers in Marine Science

Effects of marine seismic surveys on free-
ranging fauna: a systematic literature review





OEBPS/Images/table3.jpg
Invertebrates

Large-scale oil and gas surveys Research-style survey Survey dedicated to the study

Morris et al,, 2018
Morris et al., 2020

Cote et al,, 2020

McCauley et al,, 2017
Day et al,, 2016
Fitzgibbon et al., 2017
Day et al,, 2019

Day et al., 2022

Fish

Large-scale oil and gas surveys Research-style survey Survey dedicated to the study

Meekan et al., 2021
Slotte et al., 2004
Bruce et al., 2018

McQueen et al., 2022

van der Knaap et al., 2021

Davidsen et al., 2019

Mammals

Large-scale oil and gas surveys Research-style survey Survey dedicated to the study

Thompson et al., 2013
Pirotta et al,, 2014
Sarnocifiska et al., 2020

van Beest et al., 2018

Dunlop et al,, 2017a
Miller et al., 2009
Blackwell et al, 2015
Dunlop et al,, 2018
Dunlop et al,, 2015
Dunlop et al., 2017b
Yazvenko et al., 2007a
Yazvenko et al,, 2007b
Lalas and McConnell, 2016
Harris et al, 2001

Blackwell et al,, 2013

X X
X X
X

X X
X X
x x
X

X

X

X

X x

Madsen et al., 2006

Birds

Large-scale oil and gas surveys Research-style survey Survey dedicated to the study

Pichegru et al., 2017






OEBPS/Images/fmars-10-1222523-g004.jpg
1ASA
Scientific Reports

Royal Society Open Science
Proceedings of the Royal Society B
PNAS

PLoS ONE

Nature ecology & evolution
Marine Pollution Bulletin

Marine Mammal Science

Marine Environmental Research
Journal of Experimental Biology
ICES Journal of Marine Science
Frontiers in Marine Science
Fisheries Research

Environmental Pollution
Environmental Monitoring and Assessment
Deep-Sea Research Part |

Current Biology

conservation physiology

Biology Letters

Aquatic Mammals

T

o

-






OEBPS/Images/fmars-10-1222523-g006.jpg





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Marine Science





OEBPS/Images/fmars-10-1222523-g002.jpg
Records identified from public
databases:

Scopus (n = 680)

Web of Science (n = 320)

Records titles screened for topic Records excluded: topic not relevant
Scopus (n = 680) Scopus (n =629)
Web of Science (n = 320) Web of Science (n = 219)

Abstracts assessed for eligibility: Papers excluded based on abstract
Scopus (n = 51) ————| suitability:
Web of Science (n = 101) Scopus (n = 37)

Web of Science (n = 43)

ng

“Screenir

Full-texts assessed for eligibility

Scopus (n = 14) ———| Papers excluded (section 2.2):
Web of Science (n = 58)

Papers included in the review





OEBPS/Images/table1.jpg
Seismic
Airgun
Geophysical prospecting

Query String 1
seismic* OR airgun* OR geophysical prospecting AND noise AND effect* OR impact* AND fauna OR mammal OR
cetacean* OR whale* OR dolphin* OR pinniped*

OR seal* OR bird* OR fish OR reptile* OR invertebrates* OR amphibian*

Noise
Consequence

Effect
Impact

Query String 2

Recipient

Fauna
Mammal
Cetacean
‘Whale
Dolphin
Pinniped
Seal

Bird

Fish
Reptile
Invertebrates
Amphibian

seismic* OR airgun* OR geophysical prospecting AND noise AND effect* OR impact* OR Sound Exposure Level* OR
Behavioral effect* OR Physical effect* OR indirect effects* AND fauna OR mammal OR cetacean* OR whale* OR
dolphin* OR pinniped* OR seal* OR bird* OR fish OR reptile* OR invertebrates* OR amphibian*

Source

Seismic
Airgun
Geophysical prospecting

Noise

Consequ

Effect

Impact

Sound Exposure Level
Behavioral effect
Physical effect
Indirect effects

Recipient

Fauna
Mammal
Cetacean
Whale
Dolphin
Pinniped
Seal

Bird

Fish
Reptile
Invertebrates
Amphibian

Each complete query string was built starting from three main topics (“Source”, “Consequence”, and “Recipient”) linked to a fourth and overarching term: “Noise”. We adjusted the syntaxes of

our searches to the different requirements of the two bibliographic databases. The asterisk character

was used as a search tool to help capture all the variations of the word (e.g., plurals).





