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A B S T R A C T

Anthropogenic underwater noise is an increasingly important stressor in marine ecosystems, yet existing regu
latory frameworks remain focused largely on marine mammals. This review synthesized evidence from 130 
experimental studies across multiple marine taxa and noise-source categories. Research effort was concentrated 
on fish (48%) and marine mammals (34%), whereas invertebrates remained underrepresented (13%). Adult life 
stages dominated the literature, while early life stages accounted for only 6% of observations. Behavioral re
sponses were the most frequently reported endpoint (54%), followed by physiological, hearing, injury/mortality, 
and developmental effects. Response patterns differed by noise type: continuous noise was more commonly 
associated with behavioral and physiological responses, whereas impulsive noise was more frequently linked to 
injury or mortality. Current benchmark systems remain limited for many invertebrates and early life stages. 
Despite the predominance of laboratory studies, restricted taxonomic coverage, and substantial variability 
among species and experimental approaches, the available evidence highlights the need for more taxon-resolved 
exposure standards and reveals critical knowledge gaps for understudied taxa, habitats, and sensitive life stages.

1. Introduction

Underwater noise has emerged as a pervasive anthropogenic stressor 
in marine environments, driven by the expansion of activities such as 
commercial shipping, pile driving, dredging, and seismic exploration 
(Popper and Hawkins, 2019; Byeon et al., 2025). These sources generate 
both continuous low-frequency noise and impulsive high-intensity 
sounds that differ in temporal pattern, propagation characteristics, 
and biological consequences. Intense short-duration sounds may cause 
acute injury in nearby organisms, whereas lower-level chronic noise can 
extend across broader spatial scales and interfere with communication, 
orientation, predator avoidance, feeding, and reproduction 
(Slabbekoorn et al., 2010; Williams et al., 2015; Kim et al., 2025). Unlike 
chemical contaminants, acoustic energy can propagate efficiently 
through seawater over long distances depending on sound frequency 

and water conditions, creating additional challenges for spatial man
agement (Hawkins and Popper, 2017).

Recent studies further indicate that the effects of underwater noise 
are not limited to marine mammals (Weilgart, 2018; Rako-Gospić and 
Picciulin, 2019). For example, offshore wind turbine noise has been 
shown to induce measurable behavioral and physiological responses in 
commercially important fishes such as Larimichthys crocea and Acan
thopagrus schlegelii (Wang et al., 2025a). Fish and invertebrates, 
including taxa lacking specialized auditory organs, also exhibit diverse 
responses to sound exposure. These responses range from physical injury 
and endocrine disruption to behavioral alterations (e.g., changes in 
schooling and feeding) and physiological stress, including oxidative 
damage and immune suppression (André et al., 2011; Kim et al., 2024; 
Byeon et al., 2025). Exposure to pile driving noise has likewise been 
associated with elevated cortisol levels and transcriptional changes in 
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pathways related to cell regulation and stress responses.
Despite growing evidence, current knowledge remains limited in 

scope. Laboratory-based experiments dominate the literature and often 
focus on a narrow group of economically important species (Popper 
et al., 2014). Early life stages remain underrepresented despite their 
potentially greater sensitivity to environmental disturbance. Current 
regulatory guidelines, such as those from the National Oceanic and At
mospheric Administration (NOAA, 2016), also prioritize thresholds for 
marine mammals, with comparatively few criteria available for fish and 
invertebrates. More broadly, studies remain unevenly distributed across 
taxa, habitats, life stages, and noise-source categories, limiting ecolog
ical generalization (Popper et al., 2014). In addition, inconsistencies in 
response metrics and reporting approaches hinder robust cross-study 
comparisons and threshold synthesis.

While previous syntheses have provided important foundations for 
understanding underwater noise impacts, they have largely emphasized 
marine mammals, conceptual frameworks, or selected taxa (Popper 
et al., 2014; Williams et al., 2015; Hawkins and Popper, 2017). In 
contrast, the present review provides an updated synthesis focused on 

broader marine taxa, particularly fishes and invertebrates, and in
tegrates recent experimental evidence to evaluate research biases, bio
logical endpoints, and reported response thresholds. Thus, this study is 
intended not only to summarize current knowledge, but also to provide a 
foundation for future taxon-resolved benchmark development and 
ecosystem-based noise management.

Given the continuing expansion of marine industrial activities, a 
broader and more integrated understanding of the biological effects of 
underwater noise is essential. Accordingly, this review aims to: (1) 
analyze temporal trends in underwater noise impact studies; (2) assess 
research distributions and biases across noise sources, taxa, life stages, 
and endpoints; (3) compare biological responses across taxa and noise 
sources; (4) compile and synthesize reported sound level thresholds by 
noise source and biological response; and (5) evaluate the relevance and 
current coverage of available benchmark frameworks. However, the 
available evidence remains concentrated in a limited number of taxa and 
habitats. Therefore, the thresholds synthesized here should be inter
preted as representative of currently studied groups rather than the full 
diversity of marine organisms.

Fig. 1. Study selection process and global research trends in underwater noise studies. (a) PRISMA flow diagram summarizing the screening and exclusion process 
used in the systematic review, from the initial database search (n = 3109) to the final datasets used for keyword network analysis (n = 657) and threshold analysis (n 
= 130). (b) Temporal and geographic patterns of publications related to underwater noise.
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2. Materials and methods

2.1. Literature search, screening, and keyword network analysis

To examine research trends in the biological effects of underwater 
noise on marine organisms, a systematic literature search was conducted 
using the following search string: (“underwater noise” OR “anthropo
genic noise” OR “underwater sound” OR “acoustic disturbance” OR 
“acoustic pollution” OR “marine noise” OR “radiated noise” OR “ship 
noise” OR “pile driving” OR “seismic survey”) AND (“marine organism” 
OR “marine species” OR “marine biota” OR “marine fauna” OR “fish” OR 
“invertebrate” OR “plankton” OR “coral” OR “benthic” OR “marine 
mammal”) AND (“impact” OR “effect” OR “response” OR “behavior” OR 
“physiology” OR “stress” OR “mortality” OR “hearing loss” OR “mask
ing” OR “reproduction” OR “growth” OR “survival”).

Searches were conducted across Web of Science, PubMed, and Sco
pus. No lower publication-year limit was applied, and all records 
indexed in each database through December 2025 were considered 
(PubMed: 1987–2025; Scopus: 1947–2025; Web of Science: 
1962–2025). The search yielded 3109 records in total (PubMed, n =
383; Scopus, n = 1654; Web of Science, n = 1072). After removal of 
1114 duplicates using EndNote, 1995 records remained for initial 
screening. Of these, 659 were excluded because they were non-article 
sources (e.g., books, reviews, conference papers, or other non-original 
publications). The remaining 1336 studies underwent title and ab
stract screening, after which 679 records were excluded because they 
did not address biological responses to underwater noise, focused pri
marily on engineering or acoustic modelling without biological assess
ment, or lacked direct evidence of biological effects. Ultimately, 657 
experimental studies addressing the biological impacts of underwater 
noise were retained for keyword network analysis. The screening and 
selection process is summarized in a PRISMA flow diagram (Fig. 1a).

Keyword network analysis was performed using VOSviewer (version 
1.6.10; van Eck and Waltman, Leiden University, The Netherlands) to 
identify major research themes and co-occurring concepts. The software 
extracts terms with high co-occurrence frequencies from article titles 
and abstracts and visualizes their relationships as networks in which 
node size represents term frequency and link width indicates co- 
occurrence strength (van Eck and Waltman, 2010; Lee and Khim, 
2022). From the underwater noise dataset, 61 keywords occurring more 
than five times were retained and grouped into five thematic clusters. 
The top five keywords in each cluster were ranked according to both 
“Links” and “Total Link Strength” (Stephan et al., 2017) and are pre
sented in Table S1.

2.2. Study selection for threshold analysis

From the 657 studies retained for evidence mapping, a second full- 
text screening was conducted to identify those suitable for quantita
tive threshold analysis. Inclusion criteria required controlled experi
mental studies that: (1) reported underwater noise exposure levels in 
decibel-based acoustic metrics (e.g., dB re 1 μPa or dB re 1 μPa2⋅s), 
and (2) presented measurable biological responses under clearly defined 
exposure conditions. Studies were excluded if they: (1) did not provide 
quantitative threshold values; (2) focused primarily on vibration or 
particle motion rather than sound pressure; (3) examined non-acoustic 
stimuli (e.g., visual cues or chemical pollutants); (4) were reviews or 
simulation-based studies without original experimental data; or (5) re
ported only ambiguous or indirect biological responses. After applying 
these criteria, 130 studies were retained for biological research trend 
evaluation and threshold analysis. This refined dataset enabled sys
tematic comparison of response thresholds across noise sources, taxa, 
life stages, and endpoint categories (Fig. 1a).

For each selected study, the reported acoustic metrics were recorded 
together with the corresponding biological thresholds. Root-mean- 
square sound pressure level (SPLrms, dB re 1 μPa) was most 

commonly used for continuous sources such as vessel noise, whereas 
zero-to-peak SPL (SPLz–p, dB re 1 μPa) and sound exposure level (SEL, 
dB re 1 μPa2⋅s) were typically reported for impulsive sources such as pile 
driving and seismic airgun noise. Threshold data were then organized by 
noise-source category and acoustic metric for comparative analysis and 
visualization.

2.3. Classification of study characteristics and trend analysis

To identify overall patterns in experimental studies on underwater 
noise, the 130 selected articles were classified according to both bio
logical and methodological variables. Acoustic source categories 
included vessel, sonar/acoustic deterrent device (ADD), pile driving, 
seismic, and others, with the latter category comprising less frequently 
reported sources such as playback sounds, equipment noise, vibration, 
and construction noise. Taxonomic groups were classified as fish, in
vertebrates, marine mammals, and others, with others including less 
frequently represented taxa such as birds, rotifers, copepods, and 
planktonic producers. Life stages were classified as early stage, juvenile, 
adult, and unknown, whereas biological endpoints were grouped as 
behavior, physiology, hearing, development, and injury/mortality.

A Sankey diagram was generated in R to visualize interactions 
among four core variables: (1) noise source, (2) taxonomic group, (3) life 
stage, and (4) endpoint category. Rather than counting studies alone, 
each unique experimental setup was treated as an independent obser
vation to better capture the multidimensional structure of experimental 
designs. Species-level taxonomy was verified using the World Register of 
Marine Species (WoRMS), FishBase, and SeaLifeBase.

The frequency and distribution of endpoint categories were further 
examined across taxa to identify research gaps and overrepresented 
response types. To assess temporal shifts in research focus, the selected 
studies were additionally compared between pre-2008 (1980–2007) and 
post-2008 (2008–2025) periods. The year 2008 was selected as a tran
sition point because it coincided with increasing publication activity and 
the adoption of the European Union Marine Strategy Framework 
Directive.

2.4. Threshold derivation and comparative synthesis

For each species–endpoint combination, the minimum reported 
acoustic level associated with a statistically significant biological effect 
was defined as the lowest observed effect level (LOEL). Statistical sig
nificance was accepted according to the criteria used in each original 
study, as study design, sample size, and analytical framework varied 
among studies. The highest exposure level showing no significant effect 
was defined as the no observed effect level (NOEL). Original acoustic 
metrics reported in each study (e.g., SPLrms for continuous sources and 
peak-based metrics for impulsive sources) were retained during data 
extraction to preserve source-specific exposure characteristics.

To facilitate comparison across studies, reported values were reor
ganized within a common comparative framework and presented by 
source category while preserving the original metric definitions. How
ever, original metric type and exposure context were explicitly consid
ered during interpretation, and cross-source comparisons were treated 
cautiously where pulse structure, exposure duration, repetition rate, or 
cumulative energy differed substantially. For comparative summaries 
across noise sources, taxonomic groups, life stages, and endpoint cate
gories, LOEL values were used as the primary threshold metric, whereas 
NOEL values were retained as supporting reference information. Sup
porting studies used for the synthesized SPLrms comparisons for vessel 
traffic and pile driving exposures included Erbe (2002), Scholik and Yan 
(2002), Wysocki et al. (2006), Vasconcelos et al. (2007), Jensen et al. 
(2009), Buscaino et al. (2010), Hatch et al. (2012), Roberts et al. (2016), 
Mahanty et al. (2017), Kastelein et al. (2019), Mickle et al. (2019), 
Palma et al. (2019), Wale et al. (2019), Alves et al. (2021), Vieira et al. 
(2021), Fleissner et al. (2022), van der Knaap et al. (2022), Niu et al. 
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(2023), Rojas et al. (2023), Solé et al. (2023), Badlowski and Boyle 
(2024), Taylor et al. (2024), Tennessen et al. (2024), Diamant et al. 
(2025), Hermannsen et al. (2025), Jézéquel et al. (2025), Kim et al. 
(2025), Pan et al. (2025), Vergara et al. (2025), Wang et al. (2025b), and 
Xu et al. (2025). The resulting threshold dataset was then stratified by 
taxonomic group (fish, invertebrates, marine mammals, and other ma
rine taxa), life stage (early stage, juvenile, and adult), and endpoint 
category (behavior, physiology, hearing, development, and injury/ 
mortality). Where multiple thresholds were reported under the same 
condition, the lowest value was retained as a conservative reference. 
This dataset formed the basis for evaluating intergroup sensitivity dif
ferences and identifying taxa or traits potentially associated with 
heightened vulnerability to underwater noise exposure.

2.5. Benchmark comparison with existing criteria

From the dataset compiled in Section 2.4, LOEL values were selected 
as representative thresholds for each taxonomic group. These thresholds 
were then compared with established benchmark criteria proposed by 
Popper et al. (2014) and NOAA (2024), which provide exposure guid
ance for fish and marine mammals, respectively. Comparisons included 
SPL metrics (SPLrms and SPLz-p), as well as SEL, where available. 
Thresholds were organized by noise-source category and acoustic metric 
to enable direct side-by-side comparison with existing benchmark 
frameworks.

3. Results and discussion

3.1. Global research trends on underwater noise

Experimental studies on the biological effects of underwater noise 
remained limited until the 1990s, but publication output increased 
gradually in the early 2000s and rose sharply after 2010 (Fig. 1b). This 
trend broadly coincided with the expansion of marine industries such as 
commercial shipping, offshore energy, and dredging, together with 
growing scientific and regulatory attention to underwater noise. In 

terms of geographic distribution, research efforts were unevenly 
distributed across regions. Europe accounted for 48% of publications, 
followed by North America (30%) and Asia (10%). At the country level, 
the United States had the highest share (21%), followed by the United 
Kingdom (16%), Canada (9%), Australia (7%), the Netherlands (7%), 
China (7%), and other countries each contributing less than 5%. The 
strong European representation likely reflects early regulatory attention 
to underwater noise together with rapid offshore energy development in 
European waters. This distribution, however, does not fully reflect the 
current offshore wind market, an increasingly important source of 
anthropogenic underwater noise. According to the Global Wind Energy 
Council (2025), China accounts for 50% of total offshore wind in
stallations, followed by the United Kingdom (19%), Germany (11%), the 
Netherlands (6%), Denmark (3%), and other countries collectively ac
counting for 11%. This mismatch highlights an important geographic 
knowledge gap, as several rapidly expanding marine industrial regions 
remain underrepresented in the literature. Addressing this imbalance 
should be a priority for future underwater noise research.

To further characterize research themes, a keyword co-occurrence 
analysis was conducted based on 657 experimental studies. The 61 
most frequent keywords (≥5 occurrences) were grouped into five the
matic clusters, each representing a distinct research domain (Fig. S1a 
and Table S1). Group 1 highlighted anthropogenic sources such as pile 
driving and offshore wind farms, particularly in relation to noise 
pollution and stress responses. Group 2 focused on fish, masking effects, 
and physiological endpoints. Group 3 centered on marine mammals and 
invertebrates, often linked to seismic surveys and renewable energy. 
Group 4 reflected research on habituation and stress in estuarine and 
commercially important species such as Dicentrarchus labrax. Group 5 
captured passive acoustic monitoring and species identification, with 
keywords such as “humpback whale” and “automatic identification 
system” reflecting advances in acoustic tracking technologies. Temporal 
analysis of keyword trends revealed a notable shift in research priorities 
(Fig. S1b). Earlier studies (pre-2015) primarily addressed stress and 
behavioral responses to major noise sources. In contrast, post-2015 
research increasingly incorporated cumulative impacts, habitat- 

Fig. 2. Temporal comparison of research patterns in underwater noise studies between (a) 1980–2007 (pre-2008) and (b) 2008–2025 (post-2008). Pie charts show 
the proportional distribution of studies by noise source, taxonomic group, life stage, and endpoint category for each period, highlighting shifts in research focus 
over time.
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specific considerations, and non-mammalian taxa, indicating a shift 
toward more ecosystem-oriented and taxonomically inclusive 
approaches.

3.2. Trends in experimental studies on underwater noise

Temporal comparisons and category frequencies revealed clear shifts 
in research priorities across the 130 eligible studies (Fig. 2 and Fig. S2). 
Before 2008, vessel traffic was the dominant source category, whereas 
after 2008 the contribution of pile driving increased to 24%, and that of 
sonar/ADD to 16%, consistent with growing research attention to 
expanding offshore industrial activities. Fish and marine mammals 
remained the most frequently studied taxa overall (48% and 34%, 
respectively), while invertebrates accounted for only 13% of records. 
The predominance of fish likely reflects their ecological and commercial 
importance, together with their well-documented auditory sensitivity to 
underwater noise (Scholik and Yan, 2001). Invertebrates, by contrast, 
remained comparatively underrepresented despite their ecological sig
nificance. Adult stages remained dominant (71%), whereas juveniles 
(20%) and early stages (6%) remained comparatively scarce. These 
patterns indicate that although study scope has diversified over time, the 
current evidence base remains concentrated on vertebrate taxa and 
mature life stages, limiting broader ecological inference across marine 
communities (Hawkins and Popper, 2017).

Behavioral responses were the most frequently assessed endpoint 
across the full study period, accounting for 54% of all observations and 
substantially exceeding physiological (16%), hearing (13%), injury/ 
mortality (11%), and developmental responses (6%) (Fig. S2). Their 
predominance likely reflects the fact that behavioral changes are non- 
lethal, rapidly detectable, and readily quantified under experimental 
conditions. Before 2008, studies focused largely on vessel-noise effects 
in adult fish and marine mammals, whereas post-2008 studies increas
ingly incorporated additional source types, juvenile stages, and broader 
endpoint categories (Fig. 2). This shift suggests a transition from rela
tively narrow source-specific disturbance studies toward more integra
tive assessments that consider multiple exposure scenarios and sublethal 
biological responses. Nevertheless, the continued dominance of behav
ioral endpoints indicates that longer-term consequences related to 
growth, reproduction, and fitness remain insufficiently resolved 

(Hawkins and Popper, 2017; Blom et al., 2019).
Research coverage also varied substantially among noise sources and 

taxonomic groups (Fig. S3). Across most source categories, fish and 
marine mammals showed both higher study counts and greater species 
richness than invertebrates. The limited representation of invertebrates 
may reflect their high taxonomic diversity, incomplete understanding of 
sensory mechanisms, and the lack of standardized protocols for noise- 
response testing. Several categories also showed a high mean number 
of studies per species, indicating repeated reliance on a limited number 
of model or priority species. Frequently tested taxa included Phocoena 
phocoena and Tursiops truncatus in sonar/ADD studies, Gadus morhua in 
seismic studies, and Poecilia reticulata in pile driving studies. Repeated 
use of model species can improve cross-study comparability but may 
simultaneously bias synthesized thresholds toward a narrow subset of 
well-studied organisms. This concern is particularly important when 
repeatedly tested species possess atypical hearing capabilities that may 
not represent broader taxonomic sensitivity. By identifying these taxo
nomic concentrations, the present review highlights priority groups 
requiring broader future testing to improve benchmark representative
ness (Popper and Hawkins, 2019; Sasaki et al., 2025).

Several biological and methodological factors likely contribute to the 
observed research biases and threshold variability among taxa, life 
stages, and noise-source categories. Sensory anatomy is an important 
driver, as fishes possessing swim bladders or specialized hearing struc
tures often respond differently to sound pressure than chondrichthyans 
and many invertebrates, which rely more strongly on particle motion 
(Popper and Hawkins, 2019). Early life stages are often more vulnerable 
because eggs and larvae possess developing sensory systems, limited 
mobility, and reduced avoidance capacity (de Soto et al., 2013). 
Consequently, the current underrepresentation of early life stages can 
constrain evaluation of population-level processes such as recruitment, 
settlement, and early survival. Threshold differences may also depend 
on whether exposures are acute, repeated, or chronic, as cumulative 
stress can alter response magnitude and recovery potential. Moreover, 
variation in acoustic metrics, exposure design, and laboratory condi
tions can confound comparisons by reflecting methodological inconsis
tency rather than biological sensitivity alone. The predominance of 
laboratory studies may further limit ecological realism because natural 
soundscapes include fluctuating background noise, habitat complexity, 

Fig. 3. Distribution of reported biological endpoints across taxonomic groups and underwater noise sources. Rows represent major taxonomic categories and lower- 
level classifications, whereas columns indicate noise-source types (vessel, sonar/ADD, pile driving, seismic, others) and endpoint categories (behavior, physiology, 
hearing, development, injury/mortality). Colored cells indicate the number of observations for each combination, and the bottom row summarizes publication counts 
by noise source and endpoint category.
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and repeated multi-stressor exposure. These gaps suggest that future 
benchmark frameworks should incorporate broader taxonomic coverage 
and life stage sensitivity rather than relying primarily on adult verte
brate data.

3.3. Patterns of biological responses by taxon and noise source

Reported biological responses varied substantially among taxa and 
noise-source categories (Fig. 3). Fish represented the largest number of 
observations in vessel traffic (56 records), pile driving (33), seismic (27), 
and other noise categories (94), whereas marine mammals were most 
prominent in sonar/ADD studies (43). Invertebrates were comparatively 
underrepresented overall, with their greatest contribution occurring 
under pile driving. These rankings indicate that detailed response evi
dence remains concentrated on vertebrate taxa, particularly fish and 
marine mammals.

Response composition differed markedly by source type. Behavioral 
responses ranked first in every noise-source category, with approxi
mately 65 records for vessel traffic, 38 for sonar/ADD, 50 for pile 
driving, 45 for seismic, and 42 for other noise sources. The predomi
nance of behavioral endpoints under vessel traffic and sonar/ADD likely 
reflects the practical ease of observing movement, avoidance, and 
disturbance responses, together with longstanding management concern 
over habitat displacement in mobile vertebrates. The next most promi
nent endpoint differed among sources. Physiological responses were 
relatively prominent in other noise categories, hearing responses were 
notable in vessel traffic and pile driving, and injury/mortality records 
were highest under pile driving. By contrast, the wider distribution of 
hearing, developmental, and injury-related endpoints under pile driving 
is consistent with the impulsive, high-intensity nature of construction 
noise. This pattern reflects the risks of acute trauma and sublethal sen
sory or developmental effects (Popper et al., 2014; Hawkins and Popper, 
2017).

Differences between publication frequency (Fig. 2) and total 
response observations (Fig. 3) indicate that study counts alone do not 
capture research depth. For example, pile driving represented 23% of 
eligible studies (Fig. 2) yet generated one of the most diverse endpoint 
profiles in Fig. 3, whereas sonar/ADD accounted for 16% of studies but 
remained concentrated largely on marine mammals and behavioral re
sponses. Likewise, other noise sources showed comparatively broad 
response coverage, especially in fishes, despite being grouped outside 
the four main source classes. These contrasts suggest that some cate
gories have been examined through multi-endpoint experimental de
signs, whereas others have been repeatedly assessed using narrower 
response frameworks. By integrating publication frequency with 
response-level observations, the present review distinguishes areas 
supported by extensive and endpoint-diverse evidence. It also identifies 
categories where important taxonomic or mechanistic gaps remain.

3.4. Threshold patterns and comparison with international criteria

Synthesized LOEL values varied widely among source categories, 
with the clearest contrast occurring between continuous and impulsive 
noise sources (Fig. 4 and Fig. S4; Table S2–S6). Under continuous ex
posures, relatively low thresholds were reported for vessel traffic and 
miscellaneous operational sounds. Under vessel traffic, behavioral re
sponses began at 109.9 dB re 1 μPa in marine mammals, 120 dB re 1 μPa 
in fish, and fish hearing responses at 131 dB re 1 μPa. In the “other noise” 
category, fish physiological responses were reported from 80 dB re 1 
μPa, while invertebrate developmental responses began at 90 dB re 1 
μPa. By contrast, pile driving fish responses under SPLrms generally 
began near 140 dB re 1 μPa, and seismic fish responses under peak-based 
metrics were typically reported from 195 dB re 1 μPa or higher. These 
patterns suggest that continuous noise more often induces lower-level 
behavioral or physiological disturbance, whereas impulsive sounds are 
associated with stronger instantaneous exposures (Erbe et al., 2019; 

Fig. 4. Synthesized sound pressure levels associated with reported biological responses to major anthropogenic noise sources (vessel traffic and pile driving) across 
taxonomic groups. Response ranges are shown by taxonomic category and endpoint type (behavior, physiology, hearing, development, injury/mortality). Individual 
points indicate reported effect levels from experimental studies, horizontal bars indicate the reported range within each category, and vertical ticks indicate the mean 
LOEL values. All values are presented on a common dB re 1 μPa basis for comparison. Reference numbers correspond to studies listed below the figure.
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Hawkins and Popper, 2017).
A second notable pattern emerged across endpoint categories. Under 

continuous sources, lower LOELs were most often associated with 
behavioral or physiological responses, whereas higher thresholds under 
pile driving and seismic exposure were more frequently linked to 
hearing, injury, or other acute responses. For vessel traffic, fish behav
ioral effects were observed from 120 dB re 1 μPa, whereas develop
mental and injury endpoints were scarce. In pile driving studies, hearing 
and injury-related responses were reported from approximately 
140–167 dB re 1 μPa, with some invertebrate responses reaching 195 dB 
re 1 μPa. This contrast is consistent with chronic noise affecting move
ment or stress pathways, whereas impulsive noise more often raises 
concern over sensory damage or barotrauma (Popper et al., 2014; 
Southall et al., 2021).

Taxonomic comparisons also revealed meaningful differences. Ma
rine mammals frequently showed lower LOELs than fish under contin
uous noise, with behavioral responses beginning at 98 dB re 1 μPa for 
sonar/ADD and 109.9 dB re 1 μPa for vessel traffic. This likely reflects 
their strong dependence on acoustic communication, navigation, and 
prey detection. Fish exhibited the widest range of endpoints, spanning 
behavior, physiology, hearing, development, and injury categories, 
reflecting both higher study numbers and substantial interspecific 
variability. Although invertebrates were represented by fewer studies, 
available thresholds often overlapped vertebrate ranges, including re
sponses in cephalopods at 83 dB re 1 μPa, developmental effects in 
crustaceans at 90 dB re 1 μPa, and physiological responses in bivalves at 
120–145 dB re 1 μPa. These findings suggest that limited invertebrate 
evidence should be interpreted as a data gap rather than low sensitivity, 
particularly because several invertebrate groups, planktonic taxa, and 
other understudied marine organisms remain poorly represented in the 
current evidence base. This limitation should be considered when 
interpreting synthesized benchmark values (de Soto et al., 2013; Popper 
and Hawkins, 2019).

Direct comparisons among sources should nevertheless be inter
preted cautiously. Although values were reorganized into a common 
SPL-based framework to facilitate comparison (Fig. 4; Fig. S4), original 

studies differed in pulse structure, exposure duration, repetition rate, 
cumulative energy, and measured biological endpoints. Accordingly, the 
most robust conclusion from the present synthesis is comparative rather 
than prescriptive: continuous noise sources tend to elicit lower- 
threshold chronic responses, whereas impulsive sources more often 
generate higher-threshold acute effects (Erbe et al., 2019; Duarte et al., 
2021).

3.5. Existing benchmark frameworks: gaps and future priorities

Existing underwater-noise benchmark frameworks remain largely 
focused on vertebrate taxa, particularly marine mammals and fishes, 
with limited coverage for other marine groups (Table S7). NOAA guid
ance provides comprehensive criteria for marine mammals, including 
non-impulsive SPLrms thresholds of 181–201 dB re 1 μPa for cetaceans 
and 195–199 dB re 1 μPa for pinnipeds (NOAA, 2024), while Popper 
et al. (2014) proposed fish criteria of 158 dB re 1 μPa SPLrms for non- 
impulsive exposure and 186 dB re 1 μPa2⋅s SEL (TTS) for impulsive 
exposure. In comparison, synthesized LOELs in the present review were 
often lower, with non-impulsive mammal responses at 98–192 dB re 1 
μPa, fish responses at 80–170 dB re 1 μPa, and impulsive fish responses 
at 139–217 dB re 1 μPa2⋅s SEL. This suggests that current benchmarks 
mainly target auditory injury, whereas many reviewed studies reported 
earlier behavioral or physiological responses (Southall et al., 2021; Erbe 
et al., 2019).

A key finding was the absence of formal criteria for invertebrates 
despite measurable responses across multiple source types (Table S7). 
Invertebrate LOELs ranged from 90 to 150 dB re 1 μPa under non- 
impulsive noise and from 83 to 195 dB re 1 μPa SPLrms or 170 dB re 
1 μPa2⋅s SEL. These values indicate a major evidence gap rather than low 
sensitivity. Repeated sublethal disturbances may accumulate over time 
and affect growth, reproduction, recruitment, and ecosystem func
tioning. Because the present synthesis was based largely on sound- 
pressure metrics, thresholds for taxa relying primarily on particle mo
tion should be interpreted cautiously. Future benchmark development 
should therefore expand taxonomic coverage, include early life stages, 

Fig. 5. Conceptual framework illustrating the evolution of underwater noise research from traditional approaches to current understanding and future directions. 
Circle colors indicate the number of publications within each research dimension (noise source, taxonomy, life stage, and endpoint), showing shifts in evidence 
coverage over time. The future framework emphasizes key priorities for upcoming studies, including broader taxonomic and life stage representation, multi-source 
exposure scenarios, fitness- and development-related endpoints, and stronger integration across research dimensions through interconnected study designs.
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and integrate particle-motion and chronic ecological responses along
side acute injury thresholds.

Consistent with these patterns, underwater-noise research is shifting 
from traditional source-specific and vertebrate-dominated approaches 
toward broader ecosystem-based assessment frameworks (Fig. 5). 
Earlier studies were largely concentrated on vessel traffic and other 
continuous sources, adult fishes and marine mammals, and injury- 
oriented thresholds, whereas the current evidence base has expanded 
to include pile driving noise, increasing invertebrate representation, and 
behavioral endpoints. Building on this transition, future priorities 
should emphasize multi-source exposure scenarios, broader taxonomic 
coverage, early life stages, fitness-related endpoints, and integrated 
benchmark systems that account for both sound-pressure and particle- 
motion pathways. Such advances would improve the ecological rele
vance and management applicability of next-generation underwater- 
noise criteria (Popper and Hawkins, 2019; Duarte et al., 2021).

4. Conclusions

Biological responses to underwater noise vary substantially across 
taxa, life stages, and exposure contexts, indicating that uniform 
threshold approaches are unlikely to provide consistent protection 
across marine ecosystems. Current benchmark systems remain unevenly 
developed, with the strongest coverage for marine mammals and more 
limited criteria for many fish, invertebrates, and early life stages. Future 
progress will depend on broader taxonomic inclusion, greater attention 
to sensitive life stages, standardized cumulative exposure metrics such 
as SEL, and integration of sublethal responses alongside injury-based 
thresholds. Incorporating particle-motion measures where relevant 
will further strengthen next-generation frameworks. Overall, more in
clusive and ecosystem-oriented criteria are needed to manage the 
continuing expansion of anthropogenic underwater noise in marine 
environments.
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