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1  |  INTRODUC TION

Plastic debris, including microplastics and microfibers, is ubiquitous 
in marine environments (Bergmann et al., 2017; Cózar et al., 2014, 
2017; GESAMP, 2016). While the sources and sinks of marine plastics 
are well studied (Jambeck et al., 2015; van Sebille et al., 2015), their 
flux and fate in marine food webs have remained elusive. Ingestion 

by marine organisms is likely a major pathway for plastic through 
the ecosystem (Galloway et al., 2017; Schuyler et al., 2014; Wilcox 
et al., 2015). Plastic ingestion by marine fish was first reported less 
than 50 years ago (Carpenter et al., 1972), and has been a topic of  
increasing research interest over the last decade (Figure S1). Following  
intensifying public pressure, the Joint Group of Experts on the 
Scientific Aspects of Marine Environmental Protection (GESAMP) 
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Abstract
Plastic pollution has pervaded almost every facet of the biosphere, yet we lack an 
understanding of consumption risk by marine species at the global scale. To address 
this, we compile data from research documenting plastic debris ingestion by marine 
fish, totaling 171,774 individuals of 555 species. Overall, 386 marine fish species have 
ingested plastic debris including 210 species of commercial importance. However, 
148 species studied had no records of plastic consumption, suggesting that while 
this evolutionary trap is widespread, it is not yet universal. Across all studies that 
accounted for microplastics, the incidence rate of plastic ingested by fish was 26%. 
Over the last decade this incidence has doubled, increasing by 2.4 ± 0.4% per year. 
This is driven both by increasing detection of smaller sized particles as a result of 
improved methodologies, as well as an increase in fish consuming plastic. Further, we 
investigated the role of geographic, ecological, and behavioral factors in the inges-
tion of plastic across species. These analyses revealed that the abundance of plastic 
in surface waters was positively correlated to plastic ingestion. Demersal species are 
more likely to ingest plastic in shallow waters; in contrast, pelagic species were most 
likely to consume plastic below the mixed layer. Mobile predatory species had the 
highest likelihood to ingest plastic; similarly, we found a positive relationship between 
trophic level and plastic ingestion. We also find evidence that surface ingestion- deep 
sea egestion of microplastics by mesopelagic myctophids is likely a key mechanism 
for the export of microplastics from the surface ocean to the seafloor, a sink for  
marine debris. These results elucidate the role of ecology and biogeography underly-
ing plastic ingestion by marine fish and point toward species and regions in urgent 
need of study.
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reviewed plastic ingestion by marine fish in 2016 and identified 89 
species that ingest plastic (GESAMP, 2016). Reviews published in 
2019 saw these numbers triple, indicating that research interest, 
and possibly the scope and intensity of the problem, is mounting 
(Azevedo- Santos et al., 2019; Markic et al., 2019). However, as stud-
ies have become increasingly common, so too have methods of de-
tection improved (Provencher et al., 2019, 2020). Numerous recent 
studies have described issues with lack of standardization of these 
methods across studies, and have suggested guidelines to harmo-
nize data collection and reporting (Cowger et al., 2020; Dehaut et al., 
2019; Hermsen et al., 2018; Provencher et al., 2017, 2020).

Several recent studies have reviewed the available data on fish 
(Azevedo- Santos et al., 2019; Lusher et al., 2017; Markic et al., 
2019). While these references summarize the available data, they 
do not provide synthetic analyses to understand drivers of plastic 
ingestion by marine fish. Here we test whether (1) the incidence of 
plastic ingestion in marine species was positively correlated to sur-
face microplastic abundance in Longhurst oceanographic provinces 
(Longhurst, 2007); (2) there was a difference among plastic ingestion 
in estuarine, coastal, or oceanic regions; and (3) there were phyloge-
netic, ecological, or behavioral determinants that influenced the rate 
of plastic ingestion in marine fish.

Marine and estuarine fish provide economic well- being and 
nutritional security to billions of people (Food & Agriculture 
Organization, 2018; Hicks et al., 2019). A major concern, however, is 
that at least 100 fish species destined for human consumption ingest 
plastic debris (Markic et al., 2019). Still, the effects of ingested plas-
tic on wild fish are largely unknown. Correlative evidence from field 
studies suggests that plastic debris can contaminate fish tissues with 
persistent organic pollutants (Gassel et al., 2013; Rochman et al., 
2013), but whether this has deleterious consequences on behav-
ior, physiology, fitness, or food webs via bioaccumulation remains 
chronically understudied (Bucci et al., 2020). Controlled laboratory 
experiments have confirmed that plastic- derived compounds can 
transfer from plastic to fish leading to reduced activity rates, com-
promised liver function, and brain damage (Mattsson et al., 2015, 
2017; Rochman et al., 2014; Wardrop et al., 2016); however, labo-
ratory studies often use concentrations of microplastics that are an 
order (or several orders) of magnitude greater than average envi-
ronmental concentrations (Lenz et al., 2016; Paul- Pont et al., 2018). 
Doing so limits the ability to extrapolate results to non- laboratory 
populations. Furthermore, there is burgeoning concern that plas-
tic— or plastic- derived contaminants— bioaccumulates in humans as 
the result of seafood consumption, although there remains no con-
clusive evidence (Barboza et al., 2018; Carbery et al., 2018; Lusher 
et al., 2017). To assess the potential effects of ingested plastic on 
fish, ecosystem, and human health, it is imperative to expand beyond 
reviews of existing data to understand the geographic and phyloge-
netic distribution of the available data, identify which species are at 
the greatest risk, and determine biotic and abiotic factors associated 
with plastic ingestion.

To address this, we amassed and analyzed a global database 
to address the following questions: (1) How prevalent is plastic 

ingestion among marine fishes, and does this vary geographically or 
phylogenetically? (2) What ecological and behavioral traits correlate 
with plastic ingestion? (3) Is there evidence of plastic bioaccumu-
lation among trophic levels? (4) Has the scope and severity of the 
problem changed over time, and if so, is this a function of increased 
detectability by researchers or increased plastic consumption by 
fish? Ultimately, answers to these questions will inform conserva-
tion, identify critical knowledge gaps in urgent need of research, 
elucidate plastic flux through the marine environment, and support 
mitigation of this emerging threat.

2  |  METHODS

2.1  |  Literature review

We used Web of Science and Google Scholar to search for peer- 
reviewed studies and agency reports published from 1960 through 
2019, as the first scientific observation of plastic ingestion by wild-
life was reported in the late 1960s (Kenyon & Kridler, 1969). We 
used the search terms “fish,” “plastic,” and “ingestion” found any-
where in the publication. We retained publications that reported 
original plastic ingestion data (at minimum, plastic frequency of oc-
currence [FO] for each species sampled) and any referenced publi-
cations. We excluded studies of fish in freshwater ecosystems; only 
marine and estuarine studies were included. We did not include 
studies of larval fish in this analysis due to their considerable dif-
ferences in diet, behavior, and ecology from juvenile and adult in-
dividuals of their species. All studies published prior to 2016 were 
cross- referenced with summary data compiled in the 2016 report 
to the United Nations Environment Assembly on the sources, fate, 
and effects of microplastics in the marine environment (GESAMP, 
2016), the premier reference on this topic. For that small portion 
of studies where the original reference could not be found, we 
used the information in GESAMP, 2016 table AIII.2. Through these 
methods, we located 129 studies published from 1972 to 2019. To 
obtain the most representative and standardized data on plastic 
ingestion, we also collected information on which studies recorded 
microplastic ingestion, in addition to meso-  and macroplastic in-
gestion. This latter subset included 110 publications from 1972 to 
2019.

2.2  |  Data collection, aggregation, and delineation

The response variable for our analyses and visualizations was FO 
of plastic ingestion (i.e., plastic FO; number ingesting plastic debris/
total number studied) for each species within each study as species- 
specific plastic FO was reported for every study, which was not the 
case for other metrics of ingestion (e.g., number of items ingested 
per individual). This follows established methods for current meta- 
analyses of plastic ingestion (Savoca et al., 2016; Wilcox et al., 2015). 
Where possible, we also calculated the mean number of plastic items 
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consumed by each species in each study by multiplying the aver-
age number of particles ingested per individual by the number of 
individuals that had ingested plastic and dividing that total by the 
sample size.

In addition to FO of plastic ingestion for each species and av-
erage quantity of plastic ingested per individual, our analysis also 
included the year(s) the data were collected, the year of publication, 
and the oceanographic province(s) where the samples were col-
lected (Longhurst, 2007). We also added the following information 
on ecological, conservation, and life history for each species to en-
hance our understanding of potential factors that may affect their 
susceptibility to ingesting plastics. Specifically, we retrieved conser-
vation information on IUCN status (IUCN, 2019) and vulnerability 
to overfishing (Cheung et al., 2005) for each species in our dataset. 
We also gathered data from FishBase (Froese & Pauly, 2019) includ-
ing each species’ family and order, trophic level, habitat preference 
(bathydemersal, bathypelagic, benthopelagic, demersal, mesope-
lagic, pelagic- oceanic, pelagic- neritic, or reef- associated), com-
mercial exploitation status (highly commercial, commercial, minor 
commercial, subsistence, or none), aquaculture and recreational 
fishery status (yes or no), and the average depth found, which we 
computed as the average of the depth range provided by FishBase. 
To improve the predictive power of our analyses, we collapsed “hab-
itat” into two broad levels standard to marine habitat classification: 
species living on or near the seafloor (bathydemersal, benthopelagic, 
demersal, and reef- associated) were classified as “demersal,” and 
fishes living in the water column (bathypelagic, mesopelagic, pelagic- 
oceanic, and pelagic- neritic) were classified as “pelagic” (Day & Roff, 
2000; Roff et al., 2003).

We classified foraging strategy separately for each species 
because the incidence of plastic ingestion may be dependent 
on feeding strategy (DiBeneditto & Awabdi, 2014; Peters et al., 
2017). These were determined based on both the food items listed 
and the biological descriptions of the species on FishBase (partic-
ulate feeding, benthic foraging, filter- feeding, grazing, scavenging, 
or active predation). In cases where multiple feeding strategies 
were described, we identified a primary foraging mode, which 
was based on food items that comprised the majority of the spe-
cies’ diet, as well as the species’ life history. For instance, fishes 
were considered to exhibit particulate feeding if they primarily 
consumed planktonic invertebrates, euphausiids, and/or small 
crustaceans, even when they secondarily consumed zoobenthos. 
Benthic foragers fed on zoobenthos, mollusks, benthic crusta-
ceans, echinoderms, and sea cucumbers, in addition to occasional 
detritus or algae. Filter- feeders were divided into two categories: 
facultative and obligate. Facultative filter- feeders often switched 
between particulate feeding and filter- feeding as primary modes 
of foraging. Grazing and scavenging were the least frequent pri-
mary modes; the former was reported for herbivorous species that 
fed primarily on algae, while the latter was assigned to species that 
consumed solely static prey items and detritus or were listed as 
scavengers on FishBase (Froese & Pauly, 2019). Active predation 
was the strategy assigned to species whose diet items required 

pursuit, attack, and capture of prey (i.e., small fish, cephalopods, 
etc.). These were species of higher trophic position.

Finally, we recorded differences in study methodologies. The fol-
lowing quality assurance criteria were evaluated:

• Method type according to Markic et al. (2019, p. 668):
a. “Method 1: visual examination of the gut content by naked eye
b. Method 2: visual examination of the gut content by an optical 

microscope
c. Method 3: chemical digestion of the gut content with subse-

quent filtration and microscopic analysis.”
• Polymer confirmation: the use of analytical equipment, most 

often Fourier- transform infrared spectroscopy (FTIR) or Raman 
spectroscopy, to determine the chemical nature of recovered 
particles.

• Contamination control procedures, specifically:
a. Use of blanks— ideally a study uses both field and laboratory 

blanks and describes the way the blanks were collected and 
accounted for in the final tallying of microplastic values.

b. Clean laboratory procedures— includes a myriad of protocols 
aimed at reducing contamination. Several examples we noted 
were: cotton clothes worn, tools and instruments cleaned 
thoroughly before after use, and working in a fume hood or 
similar setting that controls airflow to the extent possible, 
among others.

• Size detection threshold: seawater studies have demonstrated 
that there is an increase in microplastics recovered as detec-
tion of smaller sizes has improved (Enders et al., 2015; Kang et 
al., 2015; Lindeque et al., 2020). We defined the size detection 
threshold as the filter mesh/pore size in all studies cases where 
this information was made available; however, not all studies 
employed filter- based methods. Consequently, minimum de-
tection size was not reported in studies that employed visual 
identification or microscope- based methods, unless the au-
thors deliberately excluded any debris below a designated size 
threshold.

2.3  |  Geospatial data acquisition and usage

Spatial boundaries of the Longhurst provinces were derived from 
a shape file downloaded from https://www.marin eregi ons.org/ and 
imported into R (R Core Team, 2019) as a spatial object. For each 
Longhurst province, the following information was joined from our 
fish- plastic dataset: FO, number of fish sampled, number of studies, 
number of species, and median reliability score for studies in that re-
gion. This information was then calculated for the appropriate prov-
ince to generate maps corresponding to FO, number of studies, and 
number of fish sampled per region.

Average surface plastic density (number of items per km2) 
in each Longhurst region was calculated using values for the Van 
Sebille model of plastic abundance (van Sebille et al., 2015). These 
values were combined into a raster using the Raster package in R 

https://www.marineregions.org/


    |  2191SAVOCA et Al.

(Hijmans, 2019). The polygons defining each Longhurst province 
were then overlaid on the Van Sebille raster using the sf package 
in R (Pebesma, 2018), and the corresponding plastic density values 
within each province were extracted and averaged.

2.4  |  Statistical and modeling methods

We employed several sets of generalized linear mixed models 
(GLMMs) with binomial distributions where the sample size of the 
response variable (FO of plastic ingestion) was preserved to test 
hypotheses on the drivers of plastic ingestion by marine fish. We 
controlled for the effects of phylogeny, methodology, and publica-
tion year to maximize our ability to draw ecological, behavioral, and 
biogeographic inferences from the data.

We ran several GLMMs with main effects of trophic level (con-
tinuous), primary foraging strategy (factorial: particulate feeding, 
benthic foraging, filter- feeding, grazing, or active predation; scav-
enging was omitted due to a lack of data), mean density of surface 
plastic pollution in the oceanographic province where the fish were 
sampled (continuous), and the broad regional classification of estu-
arine, coastal, or oceanic (factorial), and interactive effect of habi-
tat (factorial; pelagic or demersal) and average depth (continuous). 
Estuarine species were included in the behavioral and ecological 
models (foraging strategy, average depth × habitat, and trophic level 
models), compared explicitly in the model that tested the effect of 
broad regional classification (estuarine, coastal, or oceanic), and ex-
cluded from the model that tested the effect of surface plastic pol-
lution in the oceanographic province where the fish were sampled. 
We also included random effects controlling for publication year, 
phylogeny, and methodology.

To control for methodological differences among studies, we re-
corded the presence of four quality assurance criteria (polymer ID, 
use of blanks, clean laboratory methods, and minimum size thresh-
old reported; recording a yes/no for each as well as a more detailed 
description of each study's procedures). An overall “study reliability 
score” was generated with a “yes” receiving a 1 and a “no” receiving 
a 0 for each of those four categories, which were then summed to 
create a continuous scale from 0 to 4. This overall reliability score 
was included in our models as a random effect. We also included 
a random effect for method type according to Markic et al. (2019; 
1, 2, or 3, factorial). Continuous main effects were scaled prior to 
running the models. We used the model.sel function in the MuMin 
package (Barton, 2019) to rank models with Akaike information cri-
terion corrected for sample size (AICc; Hurvich & Tsai, 1989). This 
analysis revealed that the geographic GLMM with the predictor of 
plastic in the oceanographic province where the fish were sampled 
as the model that best predicted the observed data.

To determine whether increases in plastic ingestion were due 
to increased consumption or increased detection capabilities, we 
tested the influence of publication year and study methodology. 
Other studies have revealed a strong negative relationship between 
minimum particle size and plastic concentration in environmental 

samples (Enders et al., 2015; Kang et al., 2015; Lindeque et al., 2020); 
however, minimum particle size was reported for only half (57 of 
110) of the studies we collected, and of those studies, the minimum 
size detected has decreased over time as laboratory methods have 
improved (Figure 2). Plastics detected in studies published before 
2017 examined larger microplastics (>0.5 mm) compared to studies 
after (<0.5 mm; Figures 2b and 5a). We used this natural breakpoint 
in the data to assess the effect of examining for smaller particle sizes 
on the amount of plastic found in fish. We coded a binomial random 
effect for before versus after 2017 to include detectability of smaller 
particles as a covariate in our models.

All analyses were performed in R v. 3.6. Models were fit with the 
package lme4 v. 1.1.2 (Bates et al., 2014). Where applicable, findings 
are reported as a weighted mean ± SEM.

3  |  RESULTS

3.1  |  Overall findings

In total, we found data on plastic ingestion for 171,774 individuals 
of 555 species of marine and estuarine fish representing 139 fami-
lies from 31 orders (Figure 1). Among these, more than two- thirds 
of species had ingested plastic (386/555), while roughly one- third 
had not (148/555). However, only one- quarter of all species are well 
studied and commonly ingest plastic (142/555), defined here as a 
sample size ≥10 and a plastic FO >0.25. For each fish, the average 
quantity of plastic found was less than one piece per individual at the 
time of sampling (1.20 ± 0.08).

To obtain the most representative plastic ingestion estimates, 
we focused our analyses on the subset of studies that quantified 
micro-  (as well as meso and macro) plastics. These 110 studies in-
cluded 29,665 individuals of 508 species. Similar to the full data-
set, more than two- thirds of these species had records of plastic 
ingestion (360/508 = 0.70), yet plastic ingestion is more than five 
times as common in these studies that quantified microplastics 
(FO =0.26 ± 0.01) as compared to the full dataset (0.05 ± 0.01).

We sought to further control for methodology to draw infer-
ences from aggregated data and enable cross- study comparisons. 
We found that studies that chemically digested the entire gas-
trointestinal tract, filtered the dissolved mixture, and used micro-
scopic identification of particles (i.e., Method 3 from Markic et al., 
2019; see Section 2) reported highest plastic ingestion values (FO 
of 0.31 ± 0.02) in agreement with previous research (Markic et al., 
2019). Further, over the years, studies more commonly reported con-
tamination control and polymer confirmation procedures (Figure 2a), 
and studies that included these methods reported higher plastic FOs 
than those that did not (0.34 ± 0.01 vs. 0.18 ± 0.01). Plastic FO was 
relatively constant in studies that examined microplastics >0.2 mm, 
yet the incidence of plastic ingested by marine fish rose sharply as 
studies included particles of increasingly smaller size (Figure 2b). 
These discrepancies suggest that our knowledge of plastic inges-
tion has room for growth in terms of analytical detection limits and 
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processing time required to isolate and quantify increasingly small 
debris.

3.2  |  Regional differences

Research on marine fish has been geographically skewed toward 
neritic regions (96 studies total, Figure 3; Figure S2); however, many 
nearshore regions are unstudied or understudied. For example, only 
four studies were conducted within the continental United States’ 

Exclusive Economic Zone, despite more marine plastic originating 
from the United States than any other developed nation (Jambeck 
et al., 2015; Law et al., 2020; Figure 2). More research is required 
to uncover plastic ingestion trends by marine fish in this large re-
gion. Fish in East Asian waters had the highest FO of plastic inges-
tion of any large marine ecosystem (FO =0.46; n = 22 studies; 3168 
individuals). The seas surrounding Europe were the most well repre-
sented, both by number of studies (n = 48) and by total fish examined 
(n = 131,959 individuals, Figure 3; Figure S2). Conversely, studies 
from oceanic gyres are limited (n = 15), despite accumulations of 

F I G U R E  1  Fish families and plastic ingestion. Phylogenetic relationships of marine fish families (n = 131) colored by their incidence of 
plastic ingestion. Shapes of each tip denote the proportion of species within the family in the dataset that are commercially harvested 
(0 = no species targeted commercially; minor = 0%– 25% of species targeted commercially; commercial = >25% of species targeted 
commercially). The size of the tip point indicates the number of studies conducted on species in that family. This highlights 15 families 
that are well sampled (n > 10 individuals, >2 species) with a high incidence of plastic ingestion (FO plastic > 0.25); 67 of these families with 
records of plastic ingestion are also commercial

F I G U R E  2  Variation in study methodologies. (a) Binomial plot illustrating the probability of a study reporting each of the four quality 
assurance metrics over time. Each jittered point represents a quality assurance metric within a study for all studies that recorded 
microplastics (n = 110 studies). The horizontal dotted line represents a 50% probability indicating that 2017 was the first year that there 
was a better than 50% probability that each study reported the quality assurance metrics. (b) Study- specific plastic frequency of occurrence 
(FO) by decreasing detection size for those studies that reported their minimum detection threshold (n = 57 studies). The vertical dotted 
line highlights that plastic FO is consistent for studies examining particles >0.2 mm; by comparison, studies that had increasingly smaller 
detection thresholds had exponentially higher plastic FOs
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plastic debris in the open ocean being a well- known phenomenon 
(Cózar et al., 2014; Eriksen et al., 2014; Lebreton et al., 2018; Van 
Sebille et al., 2020).

3.3  |  Ecological, behavioral, and biogeographic 
relationships

Our modeling approach accounted for differences among phyloge-
netic relatedness and laboratory methodologies to identify drivers 
of plastic ingestion by marine fish at the global scale. Geographically, 
we explored two different hypotheses. First, we tested whether 
the incidence of plastic ingestion in marine species (i.e., estuarine 
studies excluded) was positively correlated to surface microplastic 
abundance in that Longhurst oceanographic province (Longhurst, 
2007). We uncovered a strong positive relationship (z- value: 17.17; 
p < 0.001). The other spatial hypothesis we tested was whether 
there was a difference among plastic ingestion in estuarine, coastal, 
or oceanic regions. We found that estuarine fish had higher levels of 
plastic ingestion than either coastal or oceanic fish (z- value: −19.43; 
p < 0.001; z- value: −2.02; p = 0.04; respectively). Additionally, fish 
in oceanic regions had a greater incidence of plastic ingestion com-
pared to coastal regions (z- value: 5.51; p < 0.001). Nevertheless, 
these patterns should be reevaluated as methods evolve and more 
oceanic and estuarine studies are published.

Behavioral and ecological models helped explain drivers of plas-
tic ingestion that will aid predictions of risk for under-  or unstudied 
species. Our behavioral model revealed that active predators and 
benthic- foraging species ingested plastic most commonly. In particu-
lar, active predators ingested plastic more frequently than any other 
foraging guild (z- value: 8.66; p < 0.001). Grazers (z- value: −5.28; 
p < 0.001) and filter- feeders (z- value: −4.76; p < 0.001) consumed 
plastic least commonly. Separately, there was a positive effect of 
trophic level on plastic ingestion frequency (z- value: 8.15; p < 0.001) 

further corroborating our aforementioned behavioral results. 
Overall, the likelihood of plastic ingestion decreases with depth (z- 
value: −10.03; p < 0.001); however, an interactive effect between 
habitat and average depth was found: demersal species consume 
more plastic the shallower they are found (z- value: 11.15; p < 0.001). 
Conversely, pelagic species showed the greatest plastic ingestion at 
depths of 100– 200 m. Among these, hyperabundant mesopelagic 
lanternfishes’ (family: Myctophidae; estimated global biomass of 
550– 600 million tons; Catul et al., 2011) diel vertical migration com-
bined with their frequency of plastic consumption (0.24 plastic FO; 
Table 1) suggests that they may drive a significant microplastic sink 
(108– 109 particles per day) from the epipelagic to below the mixed 
layer in heavily polluted regions.

3.4  |  Conservation and commercial results

Plastic debris is one of the numerous anthropogenic stressors 
that imperils marine fish. While the majority of species studied 
(321/555) are classified as “least concern,” we identified 35 threat-
ened, or near- threatened, species that are well studied with records 
of plastic ingestion. In addition, we found 26 species that regularly 
ingest plastic that were also vulnerable to overfishing (vulnerabil-
ity scores ≥ 50; Cheung et al., 2005). In particular, the blue shark 
(Prionace glauca), Atlantic bluefin tuna (Thunnus thynnus), and chi-
nook salmon (Oncorhynchus tshawytscha) are species of high con-
cern due to their threatened status, vulnerability to overfishing, and 
frequent plastic ingestion.

In addition to the overall number of species with plastic inges-
tion records, the number of commercially harvested species that 
consume plastic has increased exponentially in recent years. In our 
dataset, there were records of plastic ingestion in three- quarters 
(210/278) of commercially fished species. Of these species, 78 were 
well sampled with a high incidence of plastic ingestion (Figure 4). 

F I G U R E  3  Global distribution of plastic ingestion by marine fish. Longhurst Provinces (Longhurst, 2007) colored by the overall incidence 
of plastic ingestion by marine fish. Data aggregated from all marine studies where researchers recorded micro-  (as well as meso and macro) 
plastics (n = 110 studies). Estuarine studies are excluded from the map. Numbers associated with each Longhurst Code indicate the sample 
size of all fish sampled in that region. This illustrates that the majority of effort has been in provinces adjacent to continental landmasses. 
There are no data from the Southern Ocean, the pelagic Northwest Pacific, or the South Atlantic or Indian Gyres, and limited study (i.e., 
<100 individuals sampled) in CAMR, FKLD, INDE, or KURO provinces
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Most of these species are also the focus of aquaculture production 
and recreational fisheries, and thus have the highest likelihood to be 
part of the supply chain (Figures 1 and 4). The common sole (Solea 
solea) was most worrisome in this regard with a 0.812 plastic FO 
(n = 642 individuals sampled across three studies) and an average of 
7.17 plastic particles per individual. This species is extensively har-
vested in aquaculture, recreational, and commercial fisheries.

3.5  |  Temporal trends

As with other taxa, research on plastic ingestion by marine and estu-
arine fish is increasing exponentially (Figure S1a). Critically, the vast 

majority of studies since 2010 have documented the prevalence of 
microplastic debris (Figure S1). However, this increasing interest is 
geographically unequal; studies from coastal regions, including es-
tuaries, are surging while investigations on open ocean fish are stag-
nating (Figure S1c) despite knowledge that plastic debris is rapidly 
accumulating in oceanic gyres (Lebreton et al., 2018).

While publication biases will likely report more frequent and 
intense plastic ingestion over negative results, we found evidence 
suggesting this problem is growing regardless. Considering all stud-
ies that recorded microplastics from 2010 to 2019, the average 
plastic FO in fish has doubled and continues to increase at a rate of 
2.4 ± 0.4% year−1 (z- value: 3.16; p = 0.002; Figure 5a). Our models 
suggest that recent studies are detecting smaller plastics, but also 

TA B L E  1  Fish families of concern. Five families of special concern due to their extensive sampling and recorded plastic ingestion, listed in 
decreasing order of plastic frequency of occurrence (FO). Four of five families (all but Myctophidae) are intensively harvested and consumed 
by humans. Myctophids are hypothesized to play a dominant role in the movement of plastic throughout the water column due to their 
extensive biomass in oceans worldwide, diel vertical migratory behavior, and frequent plastic ingestion

Family Species in family
FO plastic 
ingestion

Mean number of 
particles ind.−1

Total number 
sampled

Total species 
studied

Number 
of studies

Soleidae Soles and allies 0.8155 2.102 699 4 5

Mugilidae Mullets and allies 0.4781 2.434 458 7 11

Myctophidae Lanternfish 0.2374 0.788 1984 36 10

Carangidae Jacks and allies 0.2315 1.491 1002 20 19

Pleuronectidae Righteye flounders 0.2069 0.875 1609 7 10

F I G U R E  4  Risk plot. (a) Species- 
specific plastic ingestion in relation to 
sample size and commercial status for 
all years. The data space is split into four 
regions: high incidence is a plastic FO 
>0.25 and data rich included species with 
a sample size >10. The majority of species 
(n = 171) are in the “low incidence, data 
rich” quadrant, followed by 131 species in 
the “high incidence, data rich” quadrant. 
(b) Species studied between 1972 and 
2016. (c) Last 3 years of data only. These 
recent studies have uncovered a higher 
proportion of species in the top right 
(“high incidence, data rich”) quadrant
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that fish are consuming plastic more frequently over time. Using a 
species accumulation curve (Figure 5b), we predict that researchers 
will continue to uncover an increasing number of species with re-
cords of plastic ingestion in the coming years.

4  |  DISCUSSION

Overall, we tallied >50 additional species with plastic ingestion than 
previously reported (Azevedo- Santos et al., 2019; Markic et al., 
2019). While other recent reviews provided important summaries of 
the pervasive issue of marine plastics in fish diets, we tested mecha-
nistic hypotheses on the patterns and drivers of plastic consumption 
and quantified the pace of plastic incursion into marine food webs. 
To achieve this, we assessed how research methodologies have 
changed over time (Figure 2a), and how different methodologies 
affected results. This allowed us to control for relevant laboratory 
procedures to detect underlying trends with our modeling frame-
work. With more comprehensive plastic consumption databases in 
the near future, we can continue to leverage this rapidly growing 
bounty of information to better understand and predict the prolif-
eration and effects of plastic in marine food webs.

Among all marine and estuarine fish, 50 species have been ex-
tensively sampled (>500 individuals sampled), while 169 species are 
understudied (<10 individuals sampled). Previous work has demon-
strated that a minimum of 10 individuals must be sampled to detect 
if a given population is ingesting plastic, and even studies with >90 
fish sampled still have a 10% margin of error (Markic et al., 2019). 
Future research should focus attention on the aforementioned un-
derstudied and unstudied species and regions, test meaningful eco-
logical and behavioral hypotheses, and continue to augment existing 
datasets for future comparative work. Standardization of laboratory 
procedures and reporting across studies is crucial to meet these 
objectives (Figure 2; Cowger et al., 2020; Provencher et al., 2017). 

In agreement with previous research, we found that studies that 
chemically digested the entire gastrointestinal tract, filtered the dis-
solved mixture, and used microscopic identification of particles (i.e., 
Method 3 from Markic et al., 2019) reported higher plastic concen-
trations than studies using less rigorous methods. Quality assurance 
metrics have become commonplace in recent years (Figure 2a), yet 
plastic detection methodologies could still be improved. Clean lab-
oratory procedures including the use of blanks should be described, 
and the minimum size threshold of the analysis should be reported to 
better compare results across studies. If possible, chemically digest-
ing and filtering the entire gastrointestinal track followed by objec-
tive identification (e.g., by FTIR or Raman spectroscopy) of at least a 
subset of the recovered particles is ideal. Methods of capture should 
be described. Of all studies we reviewed, fewer than one- quarter 
(31/129) adhered to all these methodological advances. Moving for-
ward, quality assurance metrics and Method 3 (Markic et al., 2019) 
should be used on at least 10 individuals per species to accurately 
gauge plastic consumption whenever possible.

Plastic ingestion by marine fish is widespread, but heterogenous 
between species, as is the case for other taxa (Savoca et al., 2016; 
Schuyler et al., 2014). While roughly one- quarter of species stud-
ied ingested plastic frequently (FO > 0.25; n = 142), one- third of all 
species studied (n = 148) were not found to have ingested plastic 
debris at all (Figure 4). For the 386 species that were found to ingest 
plastic, most were found with fewer than two pieces of plastic per 
individual at the time of capture; however, fish typically egest plastic 
within hours or days (Grigorakis et al., 2017; Ory et al., 2018; Xiong 
et al., 2019). Consequently, it is likely that plastic ingestion by marine 
fish is more pervasive than we could reasonably infer. It is vital that 
researchers continue to publish records of species without evidence 
of plastic ingestion to further document the spread, or reduction, of 
this problem.

Additionally, many groups of fish remain unexamined. Deep- 
sea fish in particular are almost entirely unstudied— 90% of the fish 

F I G U R E  5  Temporal trends of fish plastic ingestion. (a) The upper gray line indicates that since 2011 there has been a trend for detecting 
increasingly smaller particles. The lower black line shows an increasing plastic frequency of occurrence (FO) across all fish species from 2010 
to 2019. During this period, plastic ingestion incidence increased significantly at a rate of 2.4% year−1. The horizontal dashed line represents 
an FO of 0.26, the average plastic ingestion incidence in fish globally. (b) Species accumulation curve where the blue line indicates the 
cumulative number of species studied over time including species found with and without ingested plastic, and the red line depicts only 
species with plastic ingestion. The lack of an asymptote in the red line indicates a high likelihood that there will continue to be additional 
species to ingest plastic in the coming years
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studied to date typically reside at depths between the surface and 
500 m. However, research synthesized here clarifies the potential 
magnitude of vertical transport of plastic by mesopelagic lanternfish 
(family: Myctophidae, Table 1). Recent research has found high con-
centrations of microplastics at the interface of the epi-  and meso-
pelagic (Choy et al., 2019; Pabortsava & Lampitt, 2020), and pelagic 
fish may also ingest plastic frequently at these depths. Given their 
abundance, diel vertical migrations, and the frequency with which 
they consume plastic, myctophids may catalyze the export of hun-
dreds of millions to billions of microplastics from the surface to the 
deep ocean each day (Table 1). This hypothesis (Lusher et al., 2016) 
may help explain the high concentrations of microplastics found 
in deep- sea ecosystems (Bergmann et al., 2017; Choy et al., 2019; 
Woodall et al., 2014).

Geographic analyses highlighted that coastal marine regions are 
the most well studied, though research from estuarine fish is on the 
rise (n = 19 studies; Figure S1). However, estuarine studies may be 
best considered separately from those on fully marine species as 
fish that reside in estuaries may represent different demographics 
of the population with different life history strategies. Additionally, 
a recent flurry of studies from East Asia identifies this region to be 
among the most polluted globally (Ding et al., 2019; Sun et al., 2019; 
Zhang et al., 2019; Zhu et al., 2019). Fish in neritic regions adjacent 
to Japan, China, the Korean Peninsula, and Southeast Asia feed two 
billion people; thus, additional research in the region is of utmost 
importance (Food & Agriculture Organization, 2018). More broadly, 
data are still sparse: nearly half of all marine provinces (27/56) 
have not been studied, including the majority of oceanic provinces 
(Figure 2; Figure S2). Furthermore, one- third of provinces where 
this issue has been studied are only represented by only one pub-
lished report (Figure S2). We uncovered no studies from the Indian, 
South Atlantic, or western North Pacific gyres (Figure 3; Figure S2), 
though there is extensive knowledge of surface debris accumulation 
in these regions (Cózar et al., 2014; van Sebille et al., 2015). Similarly, 
there was a paucity of data from high- latitude seas (n = 2 studies, 
n = 228 individuals examined), and none from the Southern Ocean, 
even though the polar oceans are a sink for microplastic debris 
(Bergmann et al., 2017; Cózar et al., 2017) with new fisheries devel-
oping in these regions as ice retreats and climate changes (Food & 
Agriculture Organization, 2018).

Numerous species of commercial and conservation interest have 
been found to ingest plastic, yet the threat from ingested plastic to 
fish and humans is largely unknown. The innards of large fish are 
typically discarded prior to consumption, and thus the risk of humans 
ingesting plastic from fish directly is low, yet small micro-  (<150 μm) 
and nanoplastics (<1 μm) can translocate from the gut to circulatory 
fluids, internal organs, and muscle tissue (Avio et al., 2015; Collard 
et al., 2017), disrupt cellular processes, and more easily transfer to 
predators upon consumption (Collard et al., 2017; Lu et al., 2016). 
This study did confirm that predatory fish were commonly found 
to have consumed plastic. Moving forward, monitoring top preda-
tors for plastic consumption and pollutant bioaccumulation is criti-
cal. Furthermore, their wide- ranging movement patterns may allow 

mobile predators to encounter plastic in multiple source locations 
and, subsequently, could lead to extensive plastic redistribution 
across marine ecosystems.

Temporal trends in both research effort and plastic ingestion in-
cidence suggest that the scope and severity of the problem may be 
underestimated. The incidence of plastic ingestion in marine fish has 
been growing by >2% year−1 since 2010 (Figure 5a). Our analyses 
suggest this is driven both by an improvement in analytical method-
ology (e.g., detecting smaller particles) and by fish ingesting plastic 
more frequently. If this trend continues unabated, the average FO 
of plastic in fish will be >0.50 by 2030. Furthermore, the lack of an 
asymptote in new species found with ingested plastic suggests that 
researchers have not yet fully described the role of plastics in marine 
food webs and ecosystems; this presages the discovery of numer-
ous additional species with records of plastic ingestion in the coming 
years (Figure 5b).

As analytical capabilities improve, interest in micro-  and nano-
plastics surges, and plastic production intensifies, plastic will be 
found in wildlife with increasing regularity. Therefore, the numbers 
reported here are likely to grow as we have more studies and more 
sensitive techniques to better estimate rates of plastic ingestion by 
marine fish, and other taxa, globally. Overall, the number of marine 
fish species, including commercially harvested species, with records 
of plastic ingestion has quadrupled since the 2016 GESAMP assess-
ment for the United Nations (GESAMP, 2016). This marked surge is 
likely driven by both an increase in fish- plastic interactions and by a 
rapidly expanding research effort (Figure 3; Figure S1).

Fish are likely key vectors in the vertical and horizontal move-
ment of plastic in the ocean, and may accumulate sublethal physi-
cal and chemical effects from ingested plastic (Lavers et al., 2019; 
Rochman et al., 2013), yet the impacts of plastic debris on marine 
communities and ecosystems are still mostly unknown (Bucci et al., 
2020). Current evidence for humans ingesting plastic directly from 
fish remains scant, but there is growing concern (Barboza et al., 2018; 
Carbery et al., 2018; Lusher et al., 2017). For fish, plastic- associated 
contaminants including phthalates, heavy metals, and persistent or-
ganic pollutants may transfer to fish tissues in addition to the de-
livery of such compounds through the food chain (Rochman et al., 
2019). The projected increase in plastic production and disposal in 
the coming decades is expected to exacerbate this issue globally 
(Borrelle et al., 2020; Geyer et al., 2017). As humanity rapidly alters 
marine ecosystems (McCauley et al., 2015), quantifying the extent 
of plastic ingestion by marine fauna is paramount to adequately miti-
gate its deleterious effects moving forward. In particular, the contin-
ued aggregation and analysis of information on plastic ingestion by 
marine fish is vital as these data are inextricably linked to ecosystem 
and human health.

ACKNOWLEDG MENTS
We thank Evan Eskew for statistical consulting, Rachel Anderson 
for editorial assistance, Stephanie Avery- Gomm and Danuta 
Wisniewska for assistance with Figure 1, and Max Czapanskiy for 
assistance with Figure 5b. Finally, we are thankful for the reviews 



    |  2197SAVOCA et Al.

from Amy Uhrin and three anonymous reviewers, whose feedback 
greatly improved the manuscript.

CONFLIC T OF INTERE S T
The authors declare no competing interests.

AUTHOR CONTRIBUTIONS
M.S.S. conceived the study. M.S.S. and A.G.M. collected and cu-
rated the data. All authors contributed to the formal analyses and 
visualizations. M.S.S. wrote the paper with contributions from all 
authors.

DATA AVAIL ABILIT Y S TATEMENT
The code to reproduce the figures and analyses in this paper is avail-
able at: https://github.com/mssav oca/Fish- plast ic_meta- analysis. All 
data are available on GitHub or in the supplementary materials.

ORCID
Matthew S. Savoca  https://orcid.org/0000-0002-7318-4977 
Alexandra G. McInturf  https://orcid.org/0000-0003-1998-0187 
Elliott L. Hazen  https://orcid.org/0000-0002-0412-7178 

R E FE R E N C E S
Avio, C. G., Gorbi, S., & Regoli, F. (2015). Experimental development of 

a new protocol for extraction and characterization of microplas-
tics in fish tissues: First observations in commercial species from 
Adriatic Sea. Marine Environment Research, 111, 18– 26. https://doi.
org/10.1016/j.maren vres.2015.06.014

Azevedo- Santos, V. M., Gonçalves, G. R. L., Manoel, P. S., Andrade, M. C., 
Lima, F. P., & Pelicice, F. M. (2019). Plastic ingestion by fish: A global 
assessment. Environmental Pollution, 255, 2018– 2019. https://doi.
org/10.1016/j.envpol.2019.112994

Barboza, L. G. A., Vethaak, A. D., Lavorante, B. R. B. O., Lundebye, A., 
& Guilhermino, L. (2018). Marine microplastic debris: An emerg-
ing issue for food security, food safety and human health. Marine 
Pollution Bulletin, 133, 336– 348. https://doi.org/10.1016/j.marpo 
lbul.2018.05.047

Barton, K. (2019). MuMIn: Multi- model inference.
Bates, D., Mächler, M., Bolker, B., & Walker, S. (2014). Fitting linear 

mixed- effects models using lme4. Journal of Statistical Software, 67. 
https://doi.org/10.18637/ jss.v067.i01

Bergmann, M., Wirzberger, V., Krumpen, T., Lorenz, C., Primpke, S., 
Tekman, M. B., & Gerdts, G. (2017). High quantities of microplastic 
in Arctic deep- sea sediments from the HAUSGARTEN observatory. 
Environmental Science and Technology, 51, 11000– 11010. https://
doi.org/10.1021/acs.est.7b03331

Borrelle, S. B., Ringma, J., Law, K. L., Monnahan, C. C., Lebreton, L., 
McGivern, A., Murphy, E., Jambeck, J., Leonard, G. H., Hilleary, 
M. A., Eriksen, M., Possingham, H. P., Frond, H. D., Gerber, L. 
R., Polidoro, B., Tahir, A., Bernard, M., Mallos, N., Barnes, M., & 
Rochman, C. M. (2020). Predicted growth in plastic waste exceeds 
efforts to mitigate plastic pollution. Science, 369, 1515– 1518.

Bucci, K., Tulio, M., & Rochman, C. M. (2020). What is known and un-
known about the effects of plastic pollution: A meta- analysis and 
systematic review. Ecological Applications, 30, e02044. https://doi.
org/10.1002/eap.2044

Carbery, M., O’Connor, W., & Palanisami, T. (2018). Trophic transfer of 
microplastics and mixed contaminants in the marine food web and 
implications for human health. Environment International, 115, 400– 
409. https://doi.org/10.1016/j.envint.2018.03.007

Carpenter, E. J., Anderson, S. J., Harvey, G. R., Miklas, H. P., & Peck, B. 
B. (1972). Polystyrene spherules in coastal waters. Science, 178, 
749– 750.

Catul, V., Gauns, M., & Karuppasamy, P. K. (2011). A review on meso-
pelagic fishes belonging to family Myctophidae. Review in Fish 
Biology and Fisheries, 21, 339– 354. https://doi.org/10.1007/s1116 
0- 010- 9176- 4

Cheung, W. W. L., Pitcher, T. J., & Pauly, D. (2005). A fuzzy logic expert 
system to estimate intrinsic extinction vulnerabilities of marine 
fishes to fishing. Biological Conservation, 124, 97– 111. https://doi.
org/10.1016/j.biocon.2005.01.017

Choy, C. A., Robison, B. H., Gagne, T. O., Erwin, B., Firl, E., Halden, R. U., 
Hamilton, J. A., Katija, K., Lisin, S. E., Rolsky, C., & S. Van Houtan, 
Kyle (2019). The vertical distribution and biological transport of 
marine microplastics across the epipelagic and mesopelagic water 
column. Scientific Reports, 9, 7843. https://doi.org/10.1038/s4159 
8- 019- 44117 - 2

Collard, F., Gilbert, B., Compère, P., Eppe, G., Das, K., Jauniaux, T., & 
Parmentier, E. (2017). Microplastics in livers of European anchovies 
(Engraulis encrasicolus, L.). Environmental Pollution, 229, 1000– 1005. 
https://doi.org/10.1016/j.envpol.2017.07.089

Cowger, W., Booth, A. M., Hamilton, B. M., Thaysen, C., Primpke, S., 
Munno, K., Lusher, A. L., Dehaut, A., Vaz, V. P., Liboiron, M., 
Devriese, L. I., Hermabessiere, L., Rochman, C., Athey, S. N., 
Lynch, J. M., De Frond, H., Gray, A., Jones, O. A. H., Brander, S., 
… Nel, H. (2020). Reporting guidelines to increase the reproduc-
ibility and comparability of research on microplastics. Applied 
Spectroscopy, 74, 1066– 1077. https://doi.org/10.1177/00037 
02820 930292

Cózar, A., Echevarría, F., González- Gordillo, J. I., Irigoien, X., Ubeda, B., 
Hernández- León, S., Palma, A. T., Navarro, S., García- de- Lomas, J., 
Ruiz, A., Fernández- de- Puelles, M. L., & Duarte, C. M. (2014). Plastic 
debris in the open ocean. Proceedings of the National Academy of 
Sciences of the United States of America, 111, 10239– 10244. https://
doi.org/10.1073/pnas.13147 05111

Cózar, A., Martí, E., Duarte, C. M., García- de- Lomas, J., van Sebille, E., 
Ballatore, T. J., Eguíluz, V. M., González- Gordillo, J. I., Pedrotti, 
M. L., Echevarría, F., Troublè, R., & Irigoien, X. (2017). The Arctic 
Ocean as a dead end for floating plastics in the North Atlantic 
branch of the Thermohaline Circulation. Science Advances, 3, 
e1600582.

Day, J. C., & Roff, J. C. (2000). In J. Laughren (Ed.), Planning for representa-
tive marine protected areas: A framework for Canada’s Oceans. World 
Wildlife Fund.

Dehaut, A., Hermabessiere, L., & Duflos, G. (2019). Current frontiers and 
recommendations for the study of microplastics in seafood. Trends 
in Analytical Chemistry, 116, 346– 359. https://doi.org/10.1016/j.
trac.2018.11.011.

DiBeneditto, A., & Awabdi, D. (2014). How marine debris ingestion dif-
fers among megafauna species in a tropical coastal area. Marine 
Pollution Bulletin, 88, 86– 90. https://doi.org/10.1016/j.marpo lbul. 
2014.09.020

Ding, J., Jiang, F., Li, J., Wang, Z., Sun, C., Wang, Z., Fu, L., Ding, N. X., & 
He, C. (2019). Microplastics in the coral reef systems from Xisha 
Islands of South China Sea. Environmental Science and Technology, 
53, 8036– 8046. https://doi.org/10.1021/acs.est.9b01452

Enders, K., Lenz, R., Stedmon, C. A., & Nielsen, T. G. (2015). Abundance, 
size and polymer composition of marine microplastics ≥10 μm in 
the Atlantic Ocean and their modelled vertical distribution. Marine 
Pollution Bulletin, 100, 70– 81. https://doi.org/10.1016/j.marpo lbul. 
2015.09.027

Eriksen, M., Lebreton, L. C. M., Carson, H. S., Thiel, M., Moore, C. J., 
Borerro, J. C., Galgani, F., Ryan, P. G., & Reisser, J. (2014). Plastic 
pollution in the world’s oceans: More than 5 trillion plastic pieces 
weighing over 250,000 tons afloat at sea. PLoS One, 9, e111913. 
https://doi.org/10.1371/journ al.pone.0111913

https://github.com/mssavoca/Fish-plastic_meta-analysis
https://orcid.org/0000-0002-7318-4977
https://orcid.org/0000-0002-7318-4977
https://orcid.org/0000-0003-1998-0187
https://orcid.org/0000-0003-1998-0187
https://orcid.org/0000-0002-0412-7178
https://orcid.org/0000-0002-0412-7178
https://doi.org/10.1016/j.marenvres.2015.06.014
https://doi.org/10.1016/j.marenvres.2015.06.014
https://doi.org/10.1016/j.envpol.2019.112994
https://doi.org/10.1016/j.envpol.2019.112994
https://doi.org/10.1016/j.marpolbul.2018.05.047
https://doi.org/10.1016/j.marpolbul.2018.05.047
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1021/acs.est.7b03331
https://doi.org/10.1021/acs.est.7b03331
https://doi.org/10.1002/eap.2044
https://doi.org/10.1002/eap.2044
https://doi.org/10.1016/j.envint.2018.03.007
https://doi.org/10.1007/s11160-010-9176-4
https://doi.org/10.1007/s11160-010-9176-4
https://doi.org/10.1016/j.biocon.2005.01.017
https://doi.org/10.1016/j.biocon.2005.01.017
https://doi.org/10.1038/s41598-019-44117-2
https://doi.org/10.1038/s41598-019-44117-2
https://doi.org/10.1016/j.envpol.2017.07.089
https://doi.org/10.1177/0003702820930292
https://doi.org/10.1177/0003702820930292
https://doi.org/10.1073/pnas.1314705111
https://doi.org/10.1073/pnas.1314705111
https://doi.org/10.1016/j.trac.2018.11.011
https://doi.org/10.1016/j.trac.2018.11.011
https://doi.org/10.1016/j.marpolbul.2014.09.020
https://doi.org/10.1016/j.marpolbul.2014.09.020
https://doi.org/10.1021/acs.est.9b01452
https://doi.org/10.1016/j.marpolbul.2015.09.027
https://doi.org/10.1016/j.marpolbul.2015.09.027
https://doi.org/10.1371/journal.pone.0111913


2198  |    SAVOCA et Al.

Food and Agriculture Organization. (2018). The State of World Fisheries 
and Aquaculture 2018 –  Meeting the sustainable development goals. 
FAO. http://www.fao.org/docum ents/card/en/c/I9540 EN/

Froese, R., & Pauly, D. (2019). FishBase.
Galloway, T. S., Cole, M., & Lewis, C. (2017). Interactions of microplas-

tic debris throughout the marine ecosystem. Nature Ecology & 
Evolution, 1, 1– 8. https://doi.org/10.1038/s4155 9- 017- 0116

Gassel, M., Harwani, S., Park, J., & Jahn, A. (2013). Detection of non-
ylphenol and persistent organic pollutants in fish from the North 
Pacific Central Gyre. Marine Pollution Bulletin, 73, 231– 242. https://
doi.org/10.1016/j.marpo lbul.2013.05.014

GESAMP. (2016). In P. J. Kershaw & C. M. Rochman (Eds.), Sources, fate and 
effects of microplastics in the marine environment: Part 2 of a global as-
sessment. International Maritime Organization. http://www.gesamp.
org/publi catio ns/micro plast ics- in- the- marin e- envir onmen t- part- 2

Geyer, R., Jambeck, J. R., & Law, K. L. (2017). Production, use, and fate of 
all plastics ever made. Science Advances, 3, e1700782. https://doi.
org/10.1126/sciadv.1700782

Grigorakis, S., Mason, S. A., & Drouillard, K. G. (2017). Chemosphere 
Determination of the gut retention of plastic microbeads and mi-
crofibers in goldfish (Carassius auratus). Chemosphere, 169, 233– 
238. https://doi.org/10.1016/j.chemo sphere.2016.11.055

Hermsen, E., Mintenig, S. M., Besseling, E., & Koelmans, A. A. (2018). 
Quality criteria for the analysis of microplastic in biota samples: A 
critical review. Environmental Science and Technology, 52, 10230– 
10240. https://doi.org/10.1021/acs.est.8b01611

Hicks, C. C., Cohen, P. J., Graham, N. A. J., Nash, K. L., Allison, E. H., Lima, 
C. D., Mills, D. J., Roscher, M., Thilsted, S. H., Thorne- lyman, A. L., & 
Macneil, M. A. (2019). Harnessing global fisheries to tackle micro-
nutrient deficiencies. Nature, 574, 95– 98. https://doi.org/10.1038/
s4158 6- 019- 1592- 6

Hijmans, R. J. (2019). raster: Geographic data analysis and modeling. 
https://rspat ial.org/raste r/

Hurvich, C., & Tsai, C. (1989). Regression and time series model selection 
in small samples. Biometrika, 76, 297– 307. https://doi.org/10.1093/
biome t/76.2.297

IUCN. (2019). Red list of threatened species. IUCN 2019. http://www.
iucnr edlist.org

Jambeck, J. R., Geyer, R., Wilcox, C., Siegler, T. R., Perryman, M., Andrady, 
A., Narayan, R., & Law, K. L. (2015). Plastic waste inputs from land 
into the ocean. Science, 347, 768– 771. https://doi.org/10.1126/
scien ce.1260352

Kang, J., Youn, O., Lee, K., Kyoung, Y., & Joon, W. (2015). Marine neus-
tonic microplastics around the southeastern coast of Korea. Marine 
Pollution Bulletin, 96, 304– 312. https://doi.org/10.1016/j.marpo 
lbul.2015.04.054

Kenyon, K. W., & Kridler, E. (1969). Laysan albatrosses swallow indigest-
ible matter. The Auk, 86, 339– 343.

Lavers, J. L., Hutton, I., & Bond, A. L. (2019). Clinical pathology of plastic 
ingestion in marine birds and relationships with blood chemistry. 
Environmental Science and Technology, 53, 9224– 9231. https://doi.
org/10.1021/acs.est.9b02098

Law, K. L., Starr, N., Siegler, T. R., Jambeck, J. R., Mallos, N. J., & Leonard, 
G. H. (2020). The United States’ contribution of plastic waste to land 
and ocean. Science Advances, 6, eabd0288. https://doi.org/10.1126/
sciadv.abd0288

Lebreton, L., Slat, B., Ferrari, F., Sainte- Rose, B., Aitken, J., Marthouse, 
R., Hajbane, S., Cunsolo, S., Schwarz, A., Levivier, A., Noble, K., 
Debeljak, P., Maral, H., Schoeneich- Argent, R., Brambini, R., & 
Reisser, J. (2018). Evidence that the Great Pacific Garbage Patch is 
rapidly accumulating plastic. Scientific Reports, 8, 1– 15. https://doi.
org/10.1038/s4159 8- 018- 22939 - w

Lenz, R., Enders, K., & Gissel, T. (2016). Microplastic exposure studies 
should be environmentally realistic. Proceedings of the National 
Academy of Sciences of the United States of America, 113, 4121– 
4122. https://doi.org/10.1073/pnas.16066 15113

Lindeque, P. K., Cole, M., Coppock, R. L., Lewis, C. N., Miller, R. Z., Watts, 
A. J. R., Wilson- McNeal, A., Wright, S. L., & Galloway, T. S. (2020). 
Are we underestimating microplastic abundance in the marine en-
vironment? A comparison of microplastic capture with nets of dif-
ferent mesh- size. Environmental Pollution, 265, 114721. https://doi.
org/10.1016/j.envpol.2020.114721

Longhurst, A. R. (2007). Ecological geography of the sea (2nd ed.). 
Academic Press.

Lu, Y., Zhang, Y., Deng, Y., Jiang, W., Zhao, Y., Geng, J., Ding, L., & Ren, 
H. (2016). Uptake and accumulation of polystyrene microplastics 
in zebra fish (Danio rerio) and toxic effects in liver. Environmental 
Science and Technology, 50, 4054– 4060. https://doi.org/10.1021/
acs.est.6b00183

Lusher, A. L., Donnell, C. O., Officer, R., & Connor, I. O. (2016). Microplastic 
interactions with North Atlantic mesopelagic fish. ICES Journal of 
Marine Science, 73, 1214– 1225.

Lusher, A. L., Hollman, P., & Mendoza- Hill, J. (2017). Microplastics in fish-
eries and aquaculture. FAO. http://www.fao.org/3/a- i7677e.pdf

Markic, A., Gaertner, J., Gaertner- mazouni, N., & Albert, A. (2019). 
Plastic ingestion by marine fish in the wild. Critical Reviews in 
Environment Science and Technology, 50, 657– 697. https://doi.
org/10.1080/10643 389.2019.1631990

Mattsson, K., Ekvall, M. T., Hansson, L. A., Linse, S., Malmendal, A., & 
Cedervall, T. (2015). Altered behavior, physiology, and metabolism 
in fish exposed to polystyrene nanoparticles. Environmental Science 
and Technology, 49, 553– 561. https://doi.org/10.1021/es505 3655

Mattsson, K., Johnson, E. V., Malmendal, A., Linse, S., Hansson, L. A., 
& Cedervall, T. (2017). Brain damage and behavioural disorders in 
fish induced by plastic nanoparticles delivered through the food 
chain. Scientific Reports, 7, 1– 7. https://doi.org/10.1038/s4159 8- 
017- 10813 - 0

McCauley, D. J., Pinsky, M. L., Palumbi, S. R., Estes, J. A., Joyce, F. H., 
& Warner, R. R. (2015). Marine defaunation: Animal loss in the 
global ocean. Science, 347, 1255641. https://doi.org/10.1126/scien 
ce.1255641

Ory, N. C., Gallardo, C., Lenz, M., & Thiel, M. (2018). Capture, swallow-
ing, and egestion of microplastics by a planktivorous juvenile fish. 
Environmental Pollution, 240, 566– 573. https://doi.org/10.1016/j.
envpol.2018.04.093

Pabortsava, K., & Lampitt, R. S. (2020). High concentrations of plas-
tic hidden beneath the surface of the Atlantic Ocean. Nature 
Communications, 11, 4073. https://doi.org/10.1038/s4146 7- 020- 
17932 - 9

Paul- Pont, I., Tallec, K., Gonzalez- Fernandez, C., Lambert, C., Vincent, 
D., Mazurais, D., Zambonino- Infante, J.- L., Brotons, G., Lagarde, F., 
Fabioux, C., Soudant, P., & Huvet, A. (2018). Constraints and prior-
ities for conducting experimental exposures of marine organisms 
to microplastics. Frontiers in Marine Science, 5, 1– 22. https://doi.
org/10.3389/fmars.2018.00252

Pebesma, E. (2018). Simple features for R: Standardized support for spa-
tial vector data. The R Journal, 10, 439– 446.

Peters, C. A., Thomas, P. A., Rieper, K. B., & Bratton, S. P. (2017). Foraging 
preferences influence microplastic ingestion by six marine fish spe-
cies from the Texas Gulf Coast. Marine Pollution Bulletin, 124, 82– 88.  
https://doi.org/10.1016/j.marpo lbul.2017.06.080

Provencher, J., Bond, A., Avery- Gomm, S., Borrelle, S., Bravo Rebolledo, 
E., Hammer, S., Kühn, S., Lavers, J., Mallory, M., Trevail, A., & 
van Franeker, J. (2017). Quantifying ingested debris in marine 
megafauna: A review and recommendations for standardization. 
Analytical Methods, 9(9), 1454– 1469. https://doi.org/10.1039/C6A 
Y0 2419J.

Provencher, J. F., Borrelle, S. B., Bond, A. L., Lavers, J. L., van Franeker, 
J. A., Kühn, S., Hammer, S., Avery- Gomm, S., & Mallory, M. L. 
(2019). Recommended best practices for plastic and litter inges-
tion studies in marine birds: Collection, processing, and reporting. 
Facets, 4, 111– 130. https://doi.org/10.1139/facet s- 2018- 0043

http://www.fao.org/documents/card/en/c/I9540EN/
https://doi.org/10.1038/s41559-017-0116
https://doi.org/10.1016/j.marpolbul.2013.05.014
https://doi.org/10.1016/j.marpolbul.2013.05.014
http://www.gesamp.org/publications/microplastics-in-the-marine-environment-part-2
http://www.gesamp.org/publications/microplastics-in-the-marine-environment-part-2
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1016/j.chemosphere.2016.11.055
https://doi.org/10.1021/acs.est.8b01611
https://doi.org/10.1038/s41586-019-1592-6
https://doi.org/10.1038/s41586-019-1592-6
https://rspatial.org/raster/
https://doi.org/10.1093/biomet/76.2.297
https://doi.org/10.1093/biomet/76.2.297
http://www.iucnredlist.org
http://www.iucnredlist.org
https://doi.org/10.1126/science.1260352
https://doi.org/10.1126/science.1260352
https://doi.org/10.1016/j.marpolbul.2015.04.054
https://doi.org/10.1016/j.marpolbul.2015.04.054
https://doi.org/10.1021/acs.est.9b02098
https://doi.org/10.1021/acs.est.9b02098
https://doi.org/10.1126/sciadv.abd0288
https://doi.org/10.1126/sciadv.abd0288
https://doi.org/10.1038/s41598-018-22939-w
https://doi.org/10.1038/s41598-018-22939-w
https://doi.org/10.1073/pnas.1606615113
https://doi.org/10.1016/j.envpol.2020.114721
https://doi.org/10.1016/j.envpol.2020.114721
https://doi.org/10.1021/acs.est.6b00183
https://doi.org/10.1021/acs.est.6b00183
http://www.fao.org/3/a-i7677e.pdf
https://doi.org/10.1080/10643389.2019.1631990
https://doi.org/10.1080/10643389.2019.1631990
https://doi.org/10.1021/es5053655
https://doi.org/10.1038/s41598-017-10813-0
https://doi.org/10.1038/s41598-017-10813-0
https://doi.org/10.1126/science.1255641
https://doi.org/10.1126/science.1255641
https://doi.org/10.1016/j.envpol.2018.04.093
https://doi.org/10.1016/j.envpol.2018.04.093
https://doi.org/10.1038/s41467-020-17932-9
https://doi.org/10.1038/s41467-020-17932-9
https://doi.org/10.3389/fmars.2018.00252
https://doi.org/10.3389/fmars.2018.00252
https://doi.org/10.1016/j.marpolbul.2017.06.080
https://doi.org/10.1039/C6AY02419J
https://doi.org/10.1039/C6AY02419J
https://doi.org/10.1139/facets-2018-0043


    |  2199SAVOCA et Al.

Provencher, J. F., Covernton, G. A., Moore, R. C., Horn, D. A., Conkle, J. L., & 
Lusher, A. L. (2020). Proceed with caution: The need to raise the pub-
lication bar for microplastics research. Science of the Total Environment, 
748, 141426. https://doi.org/10.1016/j.scito tenv.2020.141426

R Core Team. (2019). R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing. https://www.R- proje ct. 
org/

Rochman, C. M., Brookson, C., Bikker, J., Djuric, N., Earn, A., Bucci, K., 
Athey, S., Huntington, A., McIlwraith, H., Munno, K., De Frond, H., 
Kolomijeca, A., Erdle, L., Grbic, J., Bayoumi, M., Borrelle, S. B., Wu, 
T., Santoro, S., Werbowski, L. M., … Hung, C. (2019). Rethinking mi-
croplastics as a diverse contaminant suite. Environmental Toxicology 
and Chemistry, 38, 703– 711. https://doi.org/10.1002/etc.4371

Rochman, C. M., Hoh, E., Kurobe, T., & Teh, S. J. (2013). Ingested plastic 
transfers hazardous chemicals to fish and induces hepatic stress. 
Scientific Reports, 3, 1– 7. https://doi.org/10.1038/srep0 3263

Rochman, C. M., Lewison, R. L., Eriksen, M., Allen, H., Cook, A.- M., & 
Teh, S. J. (2014). Polybrominated diphenyl ethers (PBDEs) in fish 
tissue may be an indicator of plastic contamination in marine hab-
itats. Science of the Total Environment, 476– 477, 622– 633. https://
doi.org/10.1016/j.scito tenv.2014.01.058

Roff, J. C., Taylor, M. E., & Laughren, J. (2003). Geophysical approaches 
to the classification, delineation and monitoring of marine habitats 
and their communities. Aquatic Conservation: Marine and Freshwater 
Ecosystems, 90, 77– 90. https://doi.org/10.1002/aqc.525

Savoca, M. S., Wohlfeil, M. E., Ebeler, S. E., & Nevitt, G. A. (2016). Marine 
plastic debris emits a keystone infochemical for olfactory foraging 
seabirds. Sci. Adv., 2, e1600395. https://doi.org/10.1126/sciadv. 
1600395

Schuyler, Q., Hardesty, B. D., Wilcox, C., & Townsend, K. (2014). 
Global analysis of anthropogenic debris ingestion by sea tur-
tles. Conservation Biology, 28, 129– 139. https://doi.org/10.1111/
cobi.12126

Sun, X., Li, Q., Shi, Y., Zhao, Y., Zheng, S., Liang, J., Liu, T., & Tian, Z. (2019). 
Characteristics and retention of microplastics in the digestive tracts 
of fish from the Yellow Sea. Environmental Pollution, 249, 878– 885. 
https://doi.org/10.1016/j.envpol.2019.01.110

Van Sebille, E., Aliani, S., Law, K. L., Maximenko, N., Alsina, J. M., 
Bagaev, A., Bergmann, M., Chapron, B., Chubarenko, I., Cózar, A., 
Delandmeter, P., Egger, M., Fox- Kemper, B., Garaba, S. P., Goddijn- 
Murphy, L., Hardesty, B. D., Hoffman, M. J., Isobe, A., Jongedijk, 
C. E., … Wichmann, D. (2020). The physical oceanography of the 
transport of floating marine debris. Environmental Research Letters, 
15, https://doi.org/10.1088/1748- 9326/ab6d7d

van Sebille, E., Wilcox, C., Lebreton, L., Maximenko, N., Hardesty, B. 
D., van Franeker, J. A., Eriksen, M., Siegel, D., Galgani, F., & Law, 
K. L. (2015). A global inventory of small floating plastic debris. 
Environmental Research Letters, 10, 124006. https://doi.org/10.10
88/1748- 9326/10/12/124006

Wardrop, P., Shimeta, J., Nugegoda, D., Morrison, P. D., Miranda, A., 
Tang, M., & Clarke, B. O. (2016). Chemical pollutants sorbed to in-
gested microbeads from personal care products accumulate in fish. 
Environmental Science and Technology, 50, 4037– 4044. https://doi.
org/10.1021/acs.est.5b06280

Wilcox, C., Van Sebille, E., & Hardesty, B. D. (2015). Threat of plastic pol-
lution to seabirds is global, pervasive, and increasing. Proceedings of 
the National Academy of Sciences of the United States of America, 112, 
11899– 11904. https://doi.org/10.1073/pnas.15021 08112

Woodall, L. C., Sanchez- Vidal, A., Canals, M., Paterson, G. L. J., Coppock, 
R., Sleight, V., Calafat, A., Rogers, A. D., Narayanaswamy, B. E., & 
Thompson, R. C. (2014). The deep sea is a major sink for microplas-
tic debris. Royal Society Open Science, 1, 140317.

Xiong, X., Tu, Y., Chen, X., Jiang, X., Shi, H., Wu, C., & Elser, J. J. (2019). 
Ingestion and egestion of polyethylene microplastics by goldfish 
(Carassius auratus): Influence of color and morphological features. 
Heliyon, 5, e03063. https://doi.org/10.1016/j.heliy on.2019.e03063

Zhang, F., Wang, X., Xu, J., Zhu, L., Peng, G., Xu, P., & Li, D. (2019). Food- 
web transfer of microplastics between wild caught fish and crus-
taceans in East China Sea. Marine Pollution Bulletin, 146, 173– 182. 
https://doi.org/10.1016/j.marpo lbul.2019.05.061

Zhu, L., Wang, H., Chen, B., Sun, X., Qu, K., & Xia, B. (2019). Microplastic 
ingestion in deep- sea fish from the South China Sea. Science of the 
Total Environment, 677, 493– 501. https://doi.org/10.1016/j.scito 
tenv.2019.04.380

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Savoca MS, McInturf AG, Hazen EL. 
Plastic ingestion by marine fish is widespread and increasing. 
Glob Change Biol. 2021;27:2188–2199. https://doi.
org/10.1111/gcb.15533

https://doi.org/10.1016/j.scitotenv.2020.141426
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1002/etc.4371
https://doi.org/10.1038/srep03263
https://doi.org/10.1016/j.scitotenv.2014.01.058
https://doi.org/10.1016/j.scitotenv.2014.01.058
https://doi.org/10.1002/aqc.525
https://doi.org/10.1126/sciadv.1600395
https://doi.org/10.1126/sciadv.1600395
https://doi.org/10.1111/cobi.12126
https://doi.org/10.1111/cobi.12126
https://doi.org/10.1016/j.envpol.2019.01.110
https://doi.org/10.1088/1748-9326/ab6d7d
https://doi.org/10.1088/1748-9326/10/12/124006
https://doi.org/10.1088/1748-9326/10/12/124006
https://doi.org/10.1021/acs.est.5b06280
https://doi.org/10.1021/acs.est.5b06280
https://doi.org/10.1073/pnas.1502108112
https://doi.org/10.1016/j.heliyon.2019.e03063
https://doi.org/10.1016/j.marpolbul.2019.05.061
https://doi.org/10.1016/j.scitotenv.2019.04.380
https://doi.org/10.1016/j.scitotenv.2019.04.380
https://doi.org/10.1111/gcb.15533
https://doi.org/10.1111/gcb.15533

