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Within the past decade, microplastic (MP) particles (<5 mm in size) became the focus of both scientific and public attention, on one hand due to their cumulative industrial application and global presence, on the other hand due to their size range allowing the interaction with organisms at the base of the marine food web. Along with the growing evidence of their ubiquitous distribution, the ingestion of MP fibers and fragments has been verified for a variety of marine biota, with fish species being among the group of organisms most intensively studied both in the laboratory and in the field. While the gross of scientific literature focuses on the quantification and chemical characterization of MP in the gastrointestinal tract of fish, in-depth investigations on the impacts or a contextualization of ingestion are rarely accomplished. Yet, the constant media-coverage and omnipresence of the topic present a (threat) scenario among civil society which might lack a solid scientific foundation. This review, therefore, analyses the scientific output of 90 field studies covering 487 different fish taxa with due regard to explanatory variables for MP ingestion. Additionally, it highlights persistent knowledge gaps in relation to the examination of in-situ ingestion effects and proposes measures how to approach them in future research initiatives. Moreover, the potential existence of a publication bias and a consequent distortion of the perception of the topic is evaluated.
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INTRODUCTION


The History of Field Studies on MP Uptake in Fish

Among the diverse anthropogenically caused environmental issues threatening coastal and oceanic ecosystems, plastic litter along with its potential detrimental effects on marine biota has been gaining particular attention and awareness both in the scientific community and civil society (Cunningham and Sigwart, 2019; Völker et al., 2019). A concomitant of the growing research effort to describe the distribution and abundance of plastic pollution across the marine realm is the application of different size classifications in the scientific literature (Andrady, 2015; Thompson, 2015); a common, rigorous definition of the different size classes of plastic litter, as proposed by GESAMP (2015; Figure 1), remains to be formally adopted by the scientific community.
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FIGURE 1. Classification of plastic litter size ranges proposed by GESAMP (2015). With a decrease in size class, an increase in abundance (and, thus, bioavailability) is expected (Wright et al., 2013; Song et al., 2014).


With size being identified as one of the key factors determining the bioavailability of MP in the ocean (Wright et al., 2013), standardization of the size class definitions of MP is considered a top priority to holistically report and evaluate debris abundances in the marine realm and ingestion rates by different organisms on various levels of the trophic food web (Galgani et al., 2015). Irrespective of a lacking coherent categorization, especially micro-sized particles and fibers (commonly defined to range between 5 mm and 1 μm in, e.g., Arthur et al., 2009; GESAMP, 2015, 2016) are of growing interest and concern: on the one hand, this is due to their increasing quantities in freshwater and marine environments as a result of cumulative industrial application of primary microplastics (Ryan, 2015) along with the fragmentation of bigger-sized particles into secondary microplastics. On the other hand, due to their size range making them available for ingestion by a wide range of organisms at the base of the food web (Cole et al., 2013).

As early as in the 1970's, along with the onset of reports on MP in environmental samples (Buchanan, 1971), early life stages of fish, as part of the marine zooplankton community, have been observed to take up MP. In a case study in the Northern Atlantic Ocean (Carpenter et al., 1972), the researchers collected fourteen different fish species by oblique plankton tows, of which eight were found to have ingested white, opaque polystyrene spherules. In investigations from the Severn Estuary (United Kingdom) by Kartar et al. (1973), the analysis of the stomach content of 0+ and 1+ year class flounder Platichthys flesus also revealed the presence of polystyrene particles in the guts. Upon publishing a progress report 3 years later, however, Kartar et al. (1976) stated that the same species of flounder (among other fish species investigated) collected over several years in the same area, was found to have varying levels of MP ingestion, including no uptake at all in some years. During the same time period, Colton et al. (1974) used a combined approach of large-scale field surveys and laboratory feeding experiments in an initial attempt to investigate the potential effects of MP uptake on larval and juvenile fish of different species. In more than half of the samples collected with a neuston net in ichthyoplankton surveys from Cape Cod to the Caribbean, plastic particles were found with varying abundances and plastic compositions. Yet, upon analyzing the guts of over 500 larval and juvenile fish of 22 species collected in the respective areas, the authors did not find ingested plastic particles in any of the fish. Published in the same report, the outcomes of the feeding experiments with larval and juvenile fish of different species, which were offered polystyrene and acrylonitrile-butadiene-styrene suspension beads, likewise showed no MP uptake, as well as no MP-related mortality or detrimental effects (Colton et al., 1974). Following these early investigations, studies were published that highlighted the facts that the presence of MP in fish guts might be caused by post capture ingestion (Lancraft and Robison, 1980) and that not all fish species and age groups living in MP-contaminated environments are prone to ingest fragments or spherules to a high degree (Hoss and Settle, 1990).

Since the start of investigations on MP ingestion by fish in the 1970's, the number of research articles on this subject has been growing continuously (de Sá et al., 2018). Nowadays, MP ingestion has been verified for a multitude of different fish species from all around the world, including the North Pacific Central Gyre (e.g., Boerger et al., 2010; Choy and Drazen, 2013), the North-Atlantic (e.g., Liboiron et al., 2016; Lusher et al., 2016) and South-Atlantic (e.g., Possatto et al., 2011; Pegado et al., 2018), the Mediterranean (e.g., Anastasopoulou et al., 2013; Güven et al., 2017), the North and Baltic Sea (e.g., Rummel et al., 2016; Beer et al., 2018) and even the polar regions (Kühn et al., 2018). Comparable to the early investigations from the 1970's to the 1990's, recent studies often tend to assess species assemblages rather than an individual taxon or life stage when examining the degree to which fish ingest MP (e.g., Davison and Asch, 2011; Lusher et al., 2013; Jabeen et al., 2017; McGoran et al., 2018).



Reviews on MP Ingestion by Marine Fish

To assemble and sort the growing number of reports from all over the world, several review articles have to date been published, covering MP ingestion by marine biota in general (Laist, 1997) as well as by fish in particular. The first comprehensive list of plastic-ingesting marine fish species was collated almost twenty years after the early reports on this matter were published (Hoss and Settle, 1990); this review included both scientific articles and anecdotal references of larval and juvenile stages of twelve fish species from nine different families which were reported to ingest MP in varying intensities. Reports on MP presence in the gastrointestinal tract (GIT) of adult fish were considered subsidiary results of dietary studies rather than specific investigations on MP uptake.

Within the past decade, publications of field-investigations on MP uptake by fish regularly incorporated topically limited literature reviews to put the obtained results into context: in a study on plastic ingestion by Atlantic cod, the authors reviewed 97 publications for plastic ingestion rates by different fish species, deliberately excluding species with an ingestion rate of 0% in their summary (Liboiron et al., 2016). In a baseline study on plastic ingestion by fish in the southern hemisphere, the researchers conducted a literature review of 15 studies with a special focus on methodologies used to establish a standardized sampling protocol for future data collections (Cannon et al., 2016). As part of their study on MP occurrence in commercial fish from a Portuguese estuary, a methodological review by Bessa et al. (2018b) took into account 22 different publications. In addition to the uptake rates among the number of different species investigated, the authors also compared the method of extraction and polymer verification. In a further MP ingestion study with Atlantic chub mackerel Scomber colias, the researchers also conducted a brief literature review with the ISI Web of Science search, listed the respective outcomes of 31 studies in tabular form in the publication and put their obtained results in terms of MP uptake rate and predominant MP type and color into perspective (Herrera et al., 2019).

The latest stand-alone review on field studies on plastic ingestion by marine fish systematically analyzed 93 publications (Markic et al., 2020) and gave special attention to sample sizes and analytical methods. The review synthesized the information available on the number of marine fish species reported to ingest plastic and aimed to investigate patterns in plastic ingestion related to habitat, feeding strategy and geographical distribution. According to the authors, plastic ingestion was demonstrated for 65% of the fish species (n = 494) investigated up to January 2019, and the detection of plastic in the gastrointestinal tract (GIT) of a fish was stated to be highly dependent on adequate sampling sizes, as well as on the analytical methods applied.

Until today, however, methodological ambiguities remain regarding the detection and identification of MP and smaller sized particles (e.g., nanoplastics, Figure 1) both in environmental samples and in marine biota (Käppler et al., 2016; Markic et al., 2020). The interpretation and comparison of the outcomes of different studies in terms of presence or absence of MP need to be done with caution, under consideration of the potential methodological bias resulting from different laboratory protocols (e.g., mesh sizes used for sampling and filtering, contamination control measures, inclusion or exclusion of fibers in MP reporting) and analytical approaches (e.g., naked-eye, infrared spectroscopy or mass spectrometry for identification and quantification).



Aim of This Study

Beyond substantiating the mere presence of one or several MP particles in the GIT of marine fish, information on the actual ecological and physiological implications of MP ingestion remains scarce, despite the long history of MP-uptake investigations. Previously published literature reviews, both stand-alone articles as well as incorporated summaries in scientific field reports, primarily involved the collation of fish species, the respective frequency of MP-feeding and MP particles in the GIT, the representation of geographical locations and the appraisal of methodological approaches. To thoroughly evaluate the significance of MP ingestion by marine fish, however, these findings need to be contextualized (Figure 2) and correlated with oceanographic properties (e.g., temperature, salinity, oxygen), environmental surveys (e.g., prey and MP abundance), GIT content analysis (e.g., abundance or volume ratio of natural prey items to MP particles) and an investigation of the potential impacts (e.g., assessment of the condition of the fish by various approaches).
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FIGURE 2. Graphical overview displaying the challenges and open questions related to in-situ microplastic ingestion studies by showcasing two exemplary fish species, the pelagic Clupea harengus and the demersal Platichthys flesus, along with their potential MP exposure and ingestion, the latter being reported by several studies included in this review. Fish graphics ©Scandposters.com.


The constant increase in media coverage of the topic of marine (micro-)litter along with the increasing number of scientific studies reporting uptake and consequent detrimental effects for fish and a variety of marine biota, might lead to the assumption that ingestion is the natural corollary of MP presence in the ocean. Upon closer examination of the literature published within the past decades, however, it becomes obvious that there has been evidence proving the contrary: the scientific reports do not exclusively refer to fish species taking up MP. Among the MP-feeding species, there are frequently also those, which were found without any plastic at all in the GIT (Carpenter et al., 1972; Kartar et al., 1976; Steer et al., 2017; Vendel et al., 2017). Yet these “negative” findings or even entire studies reporting a strikingly low or even zero-uptake along with minor or no effects observed both in the field and in laboratory set-ups appear to be rather unnoticed, underrepresented or even unpublished (Liboiron et al., 2018). This phenomenon, called (positive) publication bias is known across all scientific disciplines (Fanelli, 2012; Mlinarić et al., 2017) and could potentially affect scientific and civil society's perception of the actual extent of MP ingestion by fish.

As fish are among the group of organisms potentially affected by MP ingestion which are most intensively investigated both in the field and in laboratory set-ups (de Sá et al., 2018), the aim of this study is three-fold:

1. it will provide a brief quantitative and qualitative summary of the fish taxa examined in in-situ MP ingestion studies.

2. it will assess the current level of knowledge regarding driving factors of MP ingestion, along with the ecological and physiological implications of MP-uptake by fish to identify persistent knowledge gaps, future research projects should address.

3. it will investigate the potential existence of a publication bias in almost five decades of research on MP uptake to contribute to a sound evaluation of the extent and impact of MP-ingestion by marine fish.




MATERIALS AND METHODS


Bibliographic Research

A review of scientific papers on in-situ reports only was conducted to obtain a representative number of reports on fish and MP uptake along with the potential effects. The research was performed by using major scientific databases, including Google Scholar and ISI Web of Knowledge. Two key research terms were entered to identify relevant scientific papers: plastic and fish. The focus of the bibliographic research was laid on microplastic materials, i.e., anthropogenic particles and fibers of <5 mm in at least one dimension (Galgani et al., 2015). Studies focusing on this particular size range were considered relevant for this review; results reported on meso- or macroplastic even within the same studies were (if possible) deliberately excluded, the same holds true for studies in which a clear size attribution of the MP particles found was lacking. Studies on freshwater fish species were also not included.

Based on the ISI Web of Science data base inquiry (“Web of Science Core Collection”) with the keywords plastic and fish for TOPIC (TOPIC: (plastic fish); Timespan: All years. Indexes: SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC.), a total of 2,608 studies were listed (status: 3rd July, 2019). Upon consulting the abstract of the listed publications, a total of 116 publications were preselected as potentially relevant. Combined with the results of a Google Scholar database inquiry and a meta-analysis of cited publications in the preselected literature, a total of 90 papers based on in-situ investigations was considered relevant for the objectives of this review.



Data Analysis

To provide a broad perspective on in-situ MP uptake by fish, two databases were set up, focusing either on the fish taxa under investigation (Supplementary Table 1) or on the publications and their respective characteristics under review (Supplementary Table 2). The following main categories were assessed (if available) for each publication and analyzed by descriptive means:

1. Fish-related information (family, species, life-stage, trophic guild, habitat, commercial importance for fisheries)

2. Sampling-related information (geographic region and location of the sampling, sampling time, environmental samples, and parameters)

3. Output-related information (sample size, GIT analysis incl. prey ID or abundance, percentage of MP-feeding individuals, mean number of ingested MP per individual, impacts of ingestion).

The classification to either of the three life stages (adult = ad; sub-adult = sub-ad; larval/juvenile = juv) was based on the information given in the respective publication. If this information was lacking, the categories were derived from comparing the length measurements listed in the publication—if available–to the description accessed on FishBase (Froese and Pauly, 2019). In case neither the life stage category in the actual publication nor the maturity record in FishBase were available for individual species, the term “not applicable” (n/a) was entered. A classification into trophic guilds, habitats and potential interest for commercial fisheries was also based on the data available on Fishbase (Froese and Pauly, 2019). Furthermore, the number of citations was included; if accessible, the citation history as well (i.e., number of citations year-1) based on the ISI Web of Knowledge or Scopus database, assessed on the 06th September 2019.

All statistical analyses included in this review, along with the visual representation of results, have been computed using a combination of Microsoft Office 365 Excel and RStudio, Version 1.2.1335. Level of significance was set to p < 0.05.

An in-depth review of the methodologies applied to detect and identify MP particles in fish GIT was not in the focus of this review as it has been comprehensively discussed in, e.g., Cannon et al. (2016), Bessa et al. (2018b) and Markic et al. (2020).




RESULTS AND DISCUSSION


Bibliographic Research

This study reviews a total of 90 papers based on in-situ investigations. Although the number and content of the research articles assessed were considered representative for a review on in-situ MP uptake by fish, this study does not intend to be an exhaustive collection of all reports published, especially given the growth of peer-reviewed publications over the past 10 years. In previously published reviews, the number of reports assessed ranged between 8 and 97. To the best of our knowledge, the only other comparable stand-alone review published so far included 93 reports (Markic et al., 2020), thus, the number of publications included here was considered adequately representative. The results of the data compilation are given in Supplementary Tables 1, 2.

While the earliest report on MP ingestion in fish dates back to 1972 (Carpenter et al., 1972), followed by studies from 1974 and 1976 (Colton et al., 1974; Kartar et al., 1976), the majority of studies reviewed here were published within the last 4 years (Figure 3). Noteworthy is the gap between the years 1976 and 2010: a review on MP ingestion (Hoss and Settle, 1990) as well as several dietary studies (e.g., Manooch and Hogarth, 1983; Young et al., 1997; Joyce et al., 2002) were published in between those years, however, their content (i.e., the size spectrum of MP particles detected was not clearly defined) was not matching the criteria for this review and, therefore, not included in this bar chart. However, the general tendency of an increasing publication effort during the past 5 to 10 years—as reflected by the selection of manuscripts in this review—was also attested by other reviews (Barboza and Gimenez, 2015; Cunningham and Sigwart, 2019; Markic et al., 2020).
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FIGURE 3. Overview of the number of publications reviewed here, sorted by the respective publication year. Papers published until 3 July 2019 are considered in this review.




Quantitative and Qualitative Representation of Fish Taxa
 
Number of Taxa per Study and Sample Sizes

The MP uptake of a single species was assessed by 29 of the 90 studies reviewed here (e.g., Gassel et al., 2013; Naidoo et al., 2016; Smith, 2018), the majority of field studies, thus, covering more than one species. Among those studies, 29 others dealt with up to five species, nine investigated six to ten species and nine others examined eleven to twenty different species. A total of 14 studies dealt with more than twenty different species and the highest number of species included in one report was 69 (Vendel et al., 2017). Several different studies investigated the same species (e.g., Kartar et al., 1976; Rummel et al., 2016; McGoran et al., 2017; Liboiron et al., 2019): upon examining those species, which were reported in more than one publication, the results in terms of MP uptake as well as in terms of mean number of particles per individual GIT vary greatly (Supplementary Table 1). To provide a brief overview of those variations, the results for three frequently assessed species are exemplarily listed in Table 1, reporting on the minimum and maximum sample sizes given in one study, along with the corresponding minimum and maximum percentages of MP-feeding individuals as well as minimum and maximum number of particles detected in the GIT of these species.


Table 1. Exemplary overview on the MP-uptake results for three fish species, investigated in several different studies from different geographic areas (see referencesa−l).

[image: Table 1]

As can be seen from this exemplary list for three species only, the range in terms of sample sizes, frequency of MP-feeding, and MP particle load per individual fish seems to be quite substantial, without considering the variability in detection methodologies, particles under investigation, size ranges of both particles and fish as well as the life stages under investigation. Assessing all entries for individual taxa and life stages, collected across distinct geographic sampling locations, around one third of the fish were found with MP in their GIT (28.9 ± 33.91%), with an average particle load of around 2.2 ± 4.02 fibers and/or fragments among the MP-feeding individuals. These results are largely consistent with the findings of another stand-alone review that found a slightly higher frequency of plastic-feeding fish 37.6 ± 0.6%, with a comparable ingestion rate of 2.6 ± 0.2 pieces per individual (Markic et al., 2020).

Apart from this, the average sample size per species and study was calculated: in 28 of the studies included in this review, the average sample size per individual species was below thirty, in eight studies it was lower than ten (Supplementary Table 2). Studies reporting on a single species tended to have higher sample sizes per taxon (e.g., Bråte et al., 2016; Ferreira et al., 2016, 2018; Alomar et al., 2017) than studies that investigated species assemblages (e.g., Davison and Asch, 2011; Rochman et al., 2015; Miranda and de Carvalho-Souza, 2016; Pegado et al., 2018). According to the outcomes of the only other known stand-alone review of this dimension by Markic et al. (2020), the recommended sample size with a level of confidence of 95% and a 10% margin of error was n ≥ 91. Applying this recommendation to the results included here, only 16 of 90 studies had an average sample size per species matching this criterion. Accepting a margin of error of 20%, the sample size recommended by Markic et al. (2020) was n ≥ 23; 49 of the 90 studies reviewed here dealt with an average number of at least 23 individuals per species. With sample sizes below ten individuals per species in some studies, the significance of these results in terms of species-specific MP-uptake rates appears to be rather debatable (Liboiron et al., 2018; Markic et al., 2020). Moreover, comparing the results of different assessments to identify baselines of ingestion frequencies or patterns related to the uptake of MP per species is also not considered reasonable (Supplementary Table 1), without even taking into account the variances in analyses, detection methodologies or sampling sites (Collicutt et al., 2019; Liboiron et al., 2019). Thus, the following results (Section Representation of Fish Taxa and Life Stages) are considered to provide an overview rather than to quantitatively compare the results collated.



Representation of Fish Taxa and Life Stages
 
Representation of Fish Families

In total, the field studies assessed here were concerned with 142 different families, including both bony fish and cartilaginous fish taxa (Supplementary Table 1). Members of the family Myctophidae (nspecies = 32), Sciaenidae (nspecies = 26), Carangidae (nspecies = 24) were investigated most frequently, followed by Clupeidae (nspecies = 19) and Sparidae (nspecies = 17) (Figure 4). Overall, 62 different families were represented by a single species only, e.g., Blenniidae, Chaetodontidae, Nemichthyidae, Pomacanthidae, and Scomberesocidae. Two taxa were investigated in 28 different families, and 16 more families were represented by three taxa each.
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FIGURE 4. Fish families which are represented by at least five different species mentioned in the 90 studies under review here.




Representation of Fish Species and Commercial Importance

The present review collates information on a total of 487 different marine fish species, MP uptake was verified for around 67% of them (n = 327). The majority of species (80%; n = 393) was mentioned in only one study each. Among the remaining 95 species which were included in more than one publication, were several taxa of commercial importance (Supplementary Table 1) such as the European pilchard Sardina pilchardus, the flathead grey mullet Mugil cephalus and the European flounder Platichthys flesus. Of the 487 species included in this review, about 75% (n = 367) were considered commercially important for the fisheries sector based on the information accessed on FishBase (Froese and Pauly, 2019). Data were not available for 86 species, with an additional 35 species rated as not relevant for the fisheries sector. According to FishBase (Froese and Pauly, 2019), ~7,400 finfish species are used by humans (i.e., in fisheries and aquaculture, as bait or game fish, as well as in ornamental trade), 4,657 of these freshwater and marine taxa are considered relevant for industrial and artisanal fisheries. Thus, this review collates information on 7.9% of the species of importance for the total fisheries sector. Irrespective of the individual outcomes of the MP-feeding studies on commercial fish taxa listed here, the overall significance of MP as a threat to the living marine resources is hardly assessable.



Representation of Life Stages

For the majority of the species listed (286 of 487), no clear classification of life stage was possible. This lack of data in this category may be explained by two major reasons: first of all, the missing data in the original publication—in terms of division to either of the categories or in terms of size dimension which would have been subsequently used here to derive the classification from the data accessible on FishBase (Froese and Pauly, 2019)—or the lack of data on maturity size ranges for particular species in the online database itself. In a few cases, the results of different life stages were grouped in the publication and could not be assessed individually, which resulted in a combination of different life stages, e.g., juveniles + adults of Allosa fallax in Skóra et al. (2012) or in Anchoa januaria in Vendel et al. (2017); sub-adults + adults of Engraulis encrasicolus and Sardina pilchardus in Compa et al. (2018). For a total of 121 species, early life stages were considered with varying sample sizes across the different studies, ranging from one individual only, e.g., Trisopterus minutus in McGoran et al. (2018) to a maximum of 1,090 individuals of Platichthys flesus in Kartar et al. (1976). For another 81 species, only adult individuals were investigated for MP ingestion.




Drivers of MP Ingestion

Along with establishing growing evidence for MP-ingestion by a wide range of marine fish species, researchers seek to elucidate the driving factors of MP uptake. One of the most frequently investigated hypotheses correlates the size of the fish (e.g., standard length or total length) with the amount or size of MP particles taken up (e.g., Boerger et al., 2010; Foekema et al., 2013; Güven et al., 2017; McGoran et al., 2018), while two other prominent hypotheses aim to identify patterns related to the trophic guild/feeding mode of the fish (e.g., Anastasopoulou et al., 2013; Vendel et al., 2017; Sun et al., 2019) as well as the preferred habitat (e.g., Güven et al., 2017; Markic et al., 2018).


Body Dimensions (Size)

In fishery biology surveys and studies, the assessment of the size and weight of a fish has been routinely performed for decades (Smith, 2002)—the same routine seems to be applied for studies on MP ingestion in fish. Frequently, measurements of standard length (SL) (e.g., Boerger et al., 2010; Dantas et al., 2012), total length (TL) (e.g., Anastasopoulou et al., 2013; Ory et al., 2018) or fork length (FL) (e.g., Battaglia et al., 2016; Chagnon et al., 2018) were taken upon collecting or dissecting the fish. In other cases, the lengths of the fish were recorded, but no specification of the measurement was given in the publication (e.g., Neves et al., 2015; Peters et al., 2017) while in some investigations, no length was assessed at all (e.g., Davison and Asch, 2011; Wesch et al., 2016) or the data are not provided in the text even though the researchers reported measuring size and weight of the fish (Miranda and de Carvalho-Souza, 2016; Su et al., 2019). Due to these inconsistencies or entire absence of data on fish body dimensions, the results obtained are difficult to compare across all studies under review here. Notwithstanding, within the individual studies that collected these size-related data, the measurements were occasionally used to investigate a potential correlation between MP uptake (i.e., number of particles taken up, size of particles ingested) and body size of the fish. Comparable to the outcomes of impact-assessments, the results of these correlations turn out to be rather inconsistent. In their study on seven North Sea fish taxa, Foekema et al. (2013) were not able to relate the size of the MP particles ingested to the size of the MP-feeding fish beyond doubt. Likewise, the size of the ingested MP (fibers and non-fibers) by fish collected in Turkish territorial waters was not correlated to the size of the MP-feeding fish itself (Güven et al., 2017). Contrastingly, Sun et al. (2019) found a positive correlation between the length of MP particles detected in the GIT of fish from the Yellow Sea and the fish length.

The existence of a potential correlation between the number of MP particles detected in the GIT and the size of the fish was investigated in several of the studies reviewed here, again with partially divergent outcomes: in a study on 60 lemon damselfish Pomacentrus moluccensis from two locations of the Great Barrier Reef, Jensen et al. (2019) did not find a correlation between the number of MP ingested and the fish TL. Giani et al. (2019) were also not able to detect a correlation between the TL or weight of the examined 132 red mullet Mullus barbatus barbatus and 97 European hake Merluccius merluccius and MP ingestion—neither in terms of occurrence of MP ingestion by fish (in %) nor in terms of particles per individual. For some elasmobranch species, the observations made by Alomar and Deudero (2017) and Bernardini et al. (2018) suggest that early life stages (i.e., juvenile or immature individuals) show a higher probability to ingest MP particles than adults.

As opposed to the abovementioned results, Cheung et al. (2018) found a positive correlation between the abundance of MP and the FL of flathead grey mullet Mugil cephalus, suggesting larger individuals tend to take up MP particles to a higher extent. Similar observations were made by McGoran et al. (2018) in their comparative study of MP ingestion by fish from the Thames estuary and the Firth of Clyde: according to their results, larger fish (based on SL) ingested more MP particles than smaller ones. The same positive correlation between SL of the fish and the number of MP particles ingested was found for various fish species from the Amazon River estuary (Pegado et al., 2018) and the North Pacific Central Gyre (Boerger et al., 2010). For both Atlantic herring Clupea harengus and European sprat Sprattus sprattus, Beer et al. (2018), furthermore, substantiated the same correlation for fish TL and the number of MP particles ingested.

A different connection was investigated by Azad et al. (2018): in their study, the researchers aimed to identify a potential correlation between the mouth size of the fish and the frequency of occurrence of MP in the GIT as well as the size of the MP particles detected. No significant relationship could be attested between the mouth size and either of the MP characteristics. However, as the 24 different fish species under examination showed contrasting tendencies, both positive and negative correlations were found between mouth size and MP frequency of occurrence.

Reasons for the lack of a definite tendency on how body size and MP particle ingestion potentially correlate may be seen for one part in the—to some extent–insufficient data basis of the in-situ studies: comparisons of various taxa with (partially) small sample sizes (Vendel et al., 2017; Pegado et al., 2018), little variation in terms of size classes (Boerger et al., 2010), differing sampling sites (Alomar and Deudero, 2017) and variation in the residence time of prey and/or MP in the GIT related to the feeding mode of the fish (Gassel et al., 2013; Ory et al., 2018) may contribute to the vagueness of results. For the other part, secondary ingestion or trophic transfer along the food chain may play an important role, currently underestimated in the scientific literature (Peters et al., 2017). Furthermore, shifts in dietary preferences and changes of foraging strategy related to ontogenetic development, with younger individuals showing a tendency for more opportunistic feeding strategies (Balon, 1986; Rønnestad et al., 2013; Critchell and Hoogenboom, 2018) may confound the relationship between body size and MP ingestion. Lastly, the possibility of a non-existence of a correlation for all fish taxa alike should not be precluded. Repetitive analyses of the same species or populations from the same sampling site, sampled in adequate numbers over a sufficiently long timespan, may establish evidence for or against the existence of a correlation of body size and MP ingestion on a species-specific level.




Trophic Guild and Feeding Strategies

Different feeding strategies in fish may involve various expenditures of time for satiation (i.e., feeding) and also gastric evacuation; to cover their energy demand, filter feeding, detrivorous, or herbivorous taxa for instance spend more time collecting (numerically more but less nutritious) prey items than predatory, carnivorous taxa which rely only on few, substantial meals (Pandian and Vivekanandan, 1985). These higher temporal costs of feeding and, thus, the potentially higher probability to encounter MP particles and fibers while feeding, however, may be counterbalanced by shorter digestion rates for herbivorous taxa than carnivorous ones (Fänge and Grove, 1979). The trophic guild may, therefore, represent an important explanatory factor for MP presence in the GIT of a fish.

The fish taxa assessed in this review were divided into different feeding categories, following the data accessed on FishBase (Froese and Pauly, 2019) on preferred prey items ingested; the entries can be assessed for each species in Supplementary Table 1. The different categories were defined as follows: herbivore (feeding on plant material exclusively), planktivore (including filter feeders, ingesting both zoo-, and phytoplankton), carnivore (preying on other animals), and omnivore (taking up plant-based materials and other animals alike). According to the data available on FishBase, two species were rated exclusively piscivorous (Caranx papuensis and Scomberoides tol). The majority of taxa was classified as carnivorous (n = 254), followed by planktivorous (n = 61), omnivorous (n = 26), and herbivorous (n = 20)—two taxa were classified piscivorous. Moreover, due to the lack of information available, a number of species (n = 124) could not be attributed to any of the abovementioned categories.

The proportion of MP-feeding individuals across the different trophic guilds was compared by taking into account those entries which included both the MP uptake given for the respective fish taxa in the publication as well as the trophic guild listed according to FishBase (Figure 5)—this figure includes also the different entries made for the same taxa by various studies which explains the variation in total numbers given in the boxplot as compared to the listing above. The median proportion of MP-feeding individuals ranged between 11.25% (omnivorous taxa) and 20.0% (planktivorous taxa). The proportion of MP feeding individuals, represented by the interquartile ranges, is less variable in the herbivorous guild compared to the three others. Moreover, except for two outliers, the overall range in the proportion of MP-feeding individuals in this guild is also smaller. However, this feeding guild was also represented by the lowest number of taxa. The Kruskal–Wallis rank sum test was applied as the data were not normally distributed (Shapiro-Wilk normality test, p < 0.01): the tendencies described above were not substantial and no significant difference in the proportion of MP feeding individuals across the different trophic guilds was verified (p = 0.7316; df = 3). A comparison of the mean number of ingested MP particles per individual likewise revealed no significant difference between the MP uptake rate of the four feeding guilds (Kruskal-Wallis rank sum test, p = 0.4949; df = 3).
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FIGURE 5. Boxplot showing the proportion of MP-feeding individuals per trophic guild. Piscivorous taxa are included in the carnivorous guild, as only two taxa were classified as piscivorous according to FishBase.


In the only other stand-alone review of comparable dimensions, the authors also compared the representation of feeding guilds among MP-feeding and MP-non-feeding taxa—likewise, no correlation between MP ingestion and feeding mode was ascertained (Markic et al., 2020).

Taking into consideration the results collated at a study-specific level, without interference of different sampling efforts and detection methodologies, the potential existence of correlations between MP ingestion and feeding mode or trophic level was investigated in several publications under review here. Vendel et al. (2017) chose a comparable approach to the one applied here, by analyzing the prey items identified in the full GITs of the fish, and subsequently identifying five different feeding guilds to which the fish were classified: generalist species, benthivorous, zoobenthivorous, algae eating, or zooplanktivorous species. Although MP was found in all the feeding guilds, the highest MP ingestion was detected in zoobenthivorous species (A. lineatus and D. auratus). A different categorization was chosen by Markic et al. (2018), describing not only the preferred prey category but also partially incorporating the feeding mode: grazers, omnivores, planktivores, benthic predators, and pelagic predators. The study found a significant difference among the five trophic guilds with benthic predatory fish showing the lowest MP uptake rate and omnivorous fish showing the highest, even though the authors acknowledged that only two fish species were classified as omnivorous, potentially limiting the significance of results obtained. Omnivorous fish species were also reported by Mizraji et al. (2017) to display higher MP ingestion rates in comparison to herbivorous or carnivorous species. These findings, however, are contradicted by the study of Jabeen et al. (2017), who detected the lowest MP uptake rate in omnivores, with higher rates detected in carnivores and planktivores. Following the categorization applied by Bour et al. (2018), the results indicate a significantly lower number of MP particles ingested by filter-feeders in comparison to predators, though the results concerning the frequency of MP-feeders among the different guilds did not differ significantly. As opposed to those tendencies, research by Güven et al. (2017) and Sun et al. (2019) as well as the review provided by Markic et al. (2020), did not establish significant evidence for a correlation between feeding mode/trophic guild and MP uptake rates.

The relationship between feeding mode and the type of MP taken up was assessed for instance by Anastasopoulou et al. (2013) who found that nektobenthic opportunistic feeders, represented by G. melastomus, ingested all identified plastic debris categories, whereas pelagic and bathypelagic feeders ingested either plastic bags and hard plastics, respectively. Another observation by Markic et al. (2018) highlighted the tendency of omnivorous and grazing fish species to ingest predominantly fibers, with ingestion of MP fragments more important in benthic and pelagic predators.

According to the majority of studies, there is no statistically significant correlation between the trophic level of a fish species and the quantity of MP particles taken up (Güven et al., 2017; Bour et al., 2018; Markic et al., 2018; Pegado et al., 2018; Sun et al., 2019). Only in a single study did results indicate that organisms at higher trophic levels also show a higher abundance of MP particles in the GIT, supporting the idea of trophic transfer of particles (Rios-Fuster et al., 2019). Evidence for trophic transfer of MP was, furthermore, found in 10 out of 57 fish examined by Markic et al. (2018), indicating an indirect uptake of MP from prey to predator, previously described on the basis of laboratory feeding experiments (Farrell and Nelson, 2013; Setälä et al., 2014).

As the GIT content features only a current snapshot of the recent food intake, the rates at which marine fish taxa ingest synthetic particles and the extent to which they are exposed to potentially detrimental effects of this ingestion should be contemplated in the context of species- and life stage-specific GIT retention times (Beer et al., 2018; Markic et al., 2018) or in the special context of prey availability and environmental parameters (see Section Language bias and Duplicate/multiple publication bias).



Habitat

As essential feeding, spawning, and nursery habitats of fish overlap with input sources and fluxes of MP which, in return, facilitates biota-MP-interactions (Figure 6), categorizing fish taxa according to their preferred habitat is another approach commonly used in the scientific literature to identify potential explanatory variables for MP ingestion. As the marine realm can be divided horizontally (e.g., inshore, neritic, oceanic) and vertically (e.g., benthic, epipelagic), it seems advisable to combine both to thoroughly investigate potential patterns in MP uptake related to the choice of habitats.
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FIGURE 6. Schematic representation of the transportation and movement processes of marine fish larvae (spawned offshore) to inshore, estuarine nursery grounds [after Boehlert and Mundy (1988)] in combination with the illustration of the spatial distribution of micro-sized plastic particles and fibers from land- and sea-based sources (e.g., Derraik, 2002; Arcadis and European Commission, 2014; Galgani et al., 2015; GESAMP, 2016; Kole et al., 2017; Lusher et al., 2017a; Corradini et al., 2019; Wolff et al., 2019) into different estuarine and marine compartments which overlap with vital fish habitats.


The only study in which a consistent classification to both zones was applied, found a tendency related to the vertical distribution of fish: benthopelagic fish showed the highest uptake rates in comparison to pelagic or demersal taxa (Markic et al., 2018). The study, however, did not detect any statistically significant horizontal patterns. In contrast to these results, a study from Turkish territorial waters, in which a vertical-horizontal combination of categories was applied that was based on the entries available on FishBase (Froese and Pauly, 2019), detected slightly higher ingestion rates in fish species from the pelagic-neritic zone than in taxa from the benthopelagic, reef-associated, demersal, or pelagic-oceanic zones (Güven et al., 2017). Due to the overall lack of a consistent classification scheme in the literature reviewed here along with the variability in fieldwork approaches and laboratory methodologies applied for analyzing MP uptake in fish, a quantitative evaluation and assessment of the results collated was not considered expedient. A similar conclusion was obtained in another stand-alone review on in-situ studies of MP ingestion in fish (Markic et al., 2020). Therefore, a brief overview of the reported outcomes and tendencies will be given in the following.


Horizontal Habitat Classification

As the majority of marine MP originates from land-based sources (GESAMP, 2016), the horizontal distribution and pathways of plastic litter across neritic and oceanic habitats may represent a relevant explanatory variable of MP ingestion; however, only few studies applied a horizontal habitat classification to identify potential driving factors for MP ingestion. Murphy et al. (2017) found a tendency for coastal species to ingest significantly higher amounts of MP than offshore species. Sun et al. (2019) also reported lower numbers of MP per fish, if the fish was collected with greater distance to the coast and in the central Yellow Sea. In comparison to the amount of published MP research conducted in surface waters and accumulation zones (e.g., Boerger et al., 2010; Gassel et al., 2013; Ory et al., 2017), there is an apparent knowledge-gap concerning the exposure and uptake of MP across horizontal scales, especially in estuarine and coastal environments which are of special ecological, economic, and social importance (Martínez et al., 2007). Moreover, the connectivity between coastal and open-ocean areas in relation to fish abundances and MP uptake by various life stages along horizontal gradients (Figure 6) should be prioritized by prospective research initiatives to enhance the assessment of potential vulnerabilities of specific fish taxa or vital life stages.



Vertical Habitat Classification

The vertical distribution and pathways of plastic particles and fibers in the water column have been investigated by various studies (e.g., Kukulka et al., 2012; Enders et al., 2015; Cole et al., 2016; Choy et al., 2019). Similarly, published research included in this review more commonly categorized fish taxa according to their distribution across vertical marine zones. A broad allocation to either the benthic or pelagic realm was chosen by Neves et al. (2015): in their study of 26 commercial fish species sampled off the Portuguese coast, 63.5% of the benthic fish species and 36.5% of the pelagic species ingested MP. A comparable categorization was chosen by Zhu et al. (2019), who found significantly higher MP uptake in demersal fish than in pelagic fish from the Maowei Sea. In line with these observations, Murphy et al. (2017) reported significantly higher numbers of ingested MP in demersal fish species than in pelagic ones. In contrast, in a comparison of MP ingestion across three fish species, a significantly higher MP number per gram of GIT content (wet weight) was found for fish from the pelagic zone in comparison to demersal fish (Digka et al., 2018). In the Mondego estuary (Portugal) significantly lower ingestion rates were detected again for demersal fish species D. labrax and P. flesus in comparison to the benthopelagic D. vulgaris (Bessa et al., 2018b). No significant difference in MP uptake was verified, however, between five demersal and five pelagic fish species collected in the English Channel (Lusher et al., 2013).

Comparable to the attempt to link MP uptake to feeding modes, illustrated in Section Trophic guild and feeding strategies, the abovementioned brief collection of outcomes from different studies of various geographic regions and fish taxa highlights the inconsistency of results as well the remaining ambiguities in establishing habitat selection as an explanatory variable for MP ingestion in fish. Conceivable reasons for the (currently) missing links between habitat selection and MP ingestion may be the lack of environmental samples collected along with the fish-samples for contextualization (Section Environmental samples) as well as the rarity of investigations on early life stages (ELS) of fish (Supplementary Table 1), as part of the plankton community potentially representing a proxy for horizontal MP fluxes. Besides the classification of fish to specific feeding modes or preferred habitats, studies also investigated the relevance of other internal and external influencing factors of MP uptake and ingestion (Supplementary Material).




MP Ingestion Put Into Context

Scientific research efforts (especially based on laboratory experiments) have been substantiating a range of ecological, behavioral, and physiological implications for freshwater and marine fish taxa, though the effects of exposure and ingestion appear to vary across species and life stages, including even no measurable negative impact (Jovanović, 2017; Foley et al., 2018). Given the broad research area of MP ingestion and MP-related effects, this review paper does not aim to reproduce the various impacts that have been verified to date. To give a brief summary, however, some of the detrimental implications of MP ingestion for fish, evidenced predominantly by laboratory studies, should be mentioned here: histopathological intestinal alterations (Pedà et al., 2016), translocation of particles (Avio et al., 2015) and consequent hepatic stress (Rochman et al., 2013), metabolic changes (Cedervall et al., 2012; Lu et al., 2016), and neurotoxic effects (Oliveira et al., 2013), reduction of predatory performance (de Sá et al., 2015), as well as increasing mortality of ELS (Mazurais et al., 2015). By presenting the descriptive measures commonly applied in field studies, the aim of the present review is rather to focus on what in-situ studies on marine fish species have so far substantiated along with suggestions regarding the advancement and amendments of the state-of-the-art procedures.


Impact of Ingestion

The detrimental effects of intentional, accidental, or secondary ingestion of plastic debris by marine biota are manifold and both, physical (Goldstein and Goodwin, 2013; Lusher et al., 2013) and chemical hazards (Teuten et al., 2009; Rochman et al., 2013), have been shown to directly or indirectly impact growth, condition, and survival of different life stages of fish (Supplementary Material). At present, the investigation of MP-uptake related impacts on fish are predominantly based on laboratory feeding experiments (Morgana et al., 2018), which in many cases lack consistency between natural conditions and experimental set-ups (Phuong et al., 2016; Lusher et al., 2017a). As the focus of this literature review is entirely on in-situ studies, it will report exclusively on the MP-related impacts investigated in those studies under consideration; the analysis of potential effects of MP-ingestion was, however, performed rather infrequently (in 11 of 90 studies). The majority of these studies investigated the impact of MP in the GIT on the condition of the fish based on morphometrics (Supplementary Material): eight studies assessed the condition based on Fulton's condition factor K (Fulton, 1904; Foekema et al., 2013; Rummel et al., 2016; Mizraji et al., 2017; Cardozo et al., 2018; Compa et al., 2018; Kazour et al., 2018; McGoran et al., 2018; Arias et al., 2019), two more studies (Ramos et al., 2012; Dantas et al., 2019) made use of the formula of Richardson's condition factor CF (Richardson et al., 2011). The outcomes of these investigations are equivocal; taking into consideration only the seven reports in which Fulton's K was calculated, one found a statistical significant difference between MP-feeding and non-feeding individuals (Cardozo et al., 2018). In their study on Atlantic bigeye Priacanthus arenatus, Cardozo et al. (2018) observed that the ingestion of plastic fragments affected the condition of these fish with MP non-feeding individuals showing a significantly higher condition factor than the MP-feeding individuals in their study. The authors hypothesized that the presence of plastic particles in the GIT might ultimately lead to reduced body weight (and, thus, a lower condition factor) due to a decrease in feeding activity as a result of the false saturation feeling. Contrasting these findings, Mizraji et al. (2017) verified a significant negative relationship between the ingestion of MP and the condition of the omnivorous Girella laevifrons, which was interpreted by the authors as an indicator for a potential negative effect of MP uptake on the health status of an individual.

According to the results of a model by Compa et al. (2018) for Sardina pilchardus from the Mediterranean, fish with lower condition factors were more likely to ingest MP particles. However, in the same study, the model predictions for Engraulis encrasicolus showed the opposite: individuals with higher condition factors would rather take up MP than those with lower body condition. The authors state, however, that no significant relationship between the MP uptake rate and the body condition of a fish could be established by their model. In their study of seven different North Sea fish species, Foekema et al. (2013) were not able to verify any fundamental effect of MP ingestion on the condition of the MP-feeding fish, originating from five of the seven species under investigation. In an assessment of MP uptake by wild and caged juvenile European flounder Platichthys flesus, Kazour et al. (2018) also found no significant correlation between the condition and the number of MP particles taken up at different sampling sites in the eastern English Channel. In an Argentinian estuary, a similar observation was made by Arias et al. (2019) who did not detect statistically significant differences in the condition of individuals of the whitemouth croaker Micropogonias furnieri with plastic in their GIT in comparison to individuals without MP particles. Comparably, the condition factor of MP-feeding and MP non-feeding individuals did not differ significantly in the demersal bigeye sculpin Triglops nybelini and the pelagic polar cod Boreogadus saida collected off Northeast Greenland by Morgana et al. (2018). Rummel et al. (2016) also did not detect any effect of MP ingestion on the condition of different demersal and pelagic fish species collected in the North Sea and Baltic Sea.

The results obtained by calculating Richardson's condition factor appear to be equally inconclusive: according to Dantas et al. (2019), a higher condition factor for juvenile and adult fish without MP fragments in the GIT was found in their study. Following the interpretation of the authors, this result indicates that the ingestion of plastic could cause a reduced body condition. In contrast, Ramos et al. (2012) could not establish any evidence for a lower condition in MP-feeding members of the family Gerreidae in their study from the Goiana estuary.

While the assessment of condition factors is a commonly used tool to describe the physical state of individual fish or a fish population, potential differences in condition based on morphometric measurements should be evaluated with care. According to Froese (2006), the intraspecific variation in weight-length relationships may be significant, depending on the population itself, the season or varying environmental conditions between years. Depending on the group of organisms to compare, Froese (2006) suggests making use of different condition factors such as the Le Cren (1951) relative condition factor for comparing the relative condition of individuals within a sample. For studies of the relative condition across populations or taxa, relative weight in relation to mean weight was advised. One constraint in the evaluation based on condition factors, however, is their dependence on body length and weight of the fish, which on the one hand can be easily assessed in all routine sampling procedures making them available without additional handling effort, yet on the other hand, these morphometrics display different responses to varying environmental pressures (e.g., MP exposure or uptake) rather slowly (Markic et al., 2018). Unless the ingested MP particles accumulate over a long period of time in the individual, leading to a reduced food-uptake due to false saturation feeling and consequent reduced fitness and condition of the individual, the indicative meaning of condition factors based on body dimensions might bear only limited significance.

Another option to assess the potential impact of MP exposure and uptake is to analyze only specific organs such as the liver. Due to its detoxification function and the potential impact of contamination exposure to the size and weight dimensions of this organ, the hepatosomatic index (HSI) was calculated in one study (Arias et al., 2019). Even though their assessment of Fulton's condition factor did not establish evidence for a reduced body condition of MP-feeding individuals, the HSI was significantly higher in fish collected at one sampling site which also was positively correlated with a higher MP ingestion rate in individuals from this specific site.

An enzymatic approach to assess the effect of MP ingestion was chosen by Alomar et al. (2017): the researchers analyzed the antioxidant and detoxification system of fish by measuring different enzymatic activities in samples of the liver of MP-feeding and non-feeding red mullet Mullus surmuletus. The authors did not find signs of oxidative stress or cellular damage in the fish liver of MP-feeding fish. Nevertheless, they assume an induction of the detoxification system of the liver based on their findings of a small increase in the activity of GST (glutathione S-transferase).

These partly contrasting results highlight the challenges inherent to in-situ studies and impact assessments based on snapshot samplings: to effectively evaluate the impact of MP ingestion on the condition of a fish—either assessed via morphometric indices or by investigations on molecular, cellular, or organ level—long-term studies under controlled laboratory conditions across all life stages and trophic guilds are necessary (Morgana et al., 2018). Another major obstacle in examining the effect of MP ingestion based on in-situ studies is the ascertainment of a baseline for comparison, which hypothetically would involve fish growing up in an MP-free environment with no possibility of ingesting MP particles at any given point in time (Markic et al., 2018). Studies comparing the condition of MP feeding individuals with MP non-feeding ones face the uncertainty of former MP-uptake (and consequent egestion) by the latter. Thus, the informative value of these comparisons may be partially limited due to potential effects originating from previous feeding incidences in the now detected MP non-feeding fish. Nevertheless, future research should be strongly encouraged to focus on impact assessments based on field investigations, by continuing to calculate adequate condition factors with reference to the data available. As substantiated by Ryan (2016), the physical impacts of MP ingestion could include injuries of the GIT (i.e., ruptures, abrasions, lesions), thus, the examination of potential damages of the GIT prior to content analysis should be done by default. Both measures are comparably cost-efficient in terms of labor as well as financial input and could potentially contribute toward an enhanced understanding of MP uptake effects, considering the current underrepresentation of such studies and the lack of conclusive results. Another more labor-intensive still financially reasonable approach may involve the reading of otolith microstructures as an indicator for fish condition. The measurements of growth increment widths could offer insights into environmental pressures experienced by the fish with a higher accuracy than body dimensions (Suthers et al., 1992), even though a definite identification of MP exposure or uptake as the causative environmental pressure may prove difficult. Beyond, it appears expedient to further advance the analysis of the ratio of RNA:DNA as a proxy for fish condition in in-situ investigations (Vasconcelos et al., 2009), as well as the examination of inflammatory responses or enzymatic activities in response to MP exposure and ingestion. In summary, it is worth mentioning that the proxies for fish condition frequently applied in ichthyology (i.e., somatic growth, otolith microstructure, and RNA:DNA ratio) are known to heterogeneously reflect recent growth history patterns (Peck et al., 2015), and that this varying degree of suitability in detecting responses to MP exposure and ingestion in fish should be envisioned prior to identifying research objectives.




GIT Content: Natural Prey Items and MP

Besides the exclusive verification of MP in the GIT of the fish, a limited number of studies included reports on natural prey items (e.g., Gassel et al., 2013; Chagnon et al., 2018; Halstead et al., 2018), both qualitatively (i.e., identification of prey items) and quantitatively (e.g., volume or weight of natural prey items in comparison to MP particles). This lack of information in the majority of studies (79 of 90) may be predominantly due to the analytical method applied, which often includes the digestion of organic material as an initial step in MP-GIT-studies.

Accounting for the fact that the in-depth analysis of prey items in fish GIT may be time consuming and potentially susceptible to misidentification, the assessment of stomach fullness may be considered a feasible approach for many studies under time-constraints. Stomach fullness, i.e., the presence of food in the stomach or GIT, could represent a relevant factor in predicting the presence of ingested plastic. In their study on Atlantic cod Gadus morhua, Atlantic salmon Salmo salar and capelin Mallotus villosus, Liboiron et al. (2019) found varying levels of food presence (i.e., stomach fullness) across the three taxa under investigation which was linked to the probability of MP ingestion. A comparable observation was made by Alomar and Deudero (2017) who found a significantly positive correlation between the stomach fullness of Galeus melastomus and the amount of MP (particles gFW-1) in the stomach of these catsharks. In contrast to these findings, Wieczorek et al. (2018) did not detect a significant difference between the median stomach fullness of MP-feeding fish and MP-non-feeding fish in their study of seven fish species from North Atlantic waters, indicating no correlation between stomach fullness and MP ingestion.

Nevertheless, analyzing the entire GIT content should be considered beneficial, as it could yield essential information on the importance of MP as targeted or accidentally ingested prey items. In dietary studies, the relative importance of a specific prey item is frequently inferred from the proportion of all GITs included in the study containing each prey item (Baker et al., 2014). This leads to the questions, concerning why MP as a “prey item” is treated significantly different from natural prey items and how outcomes of MP ingestion studies should be interpreted and evaluated thoroughly without this essential information. By including the analysis of the entire GIT content, researchers will be able to deduce information on the feeding preferences of the fish population or species under investigation—insights that could be subsequently used to further investigate patterns of MP ingestion. This approach was chosen for instance in a study on six different fish species collected off the Texas Gulf coast (Peters et al., 2017): based on their assessment of prey items in the GIT of the fish, the authors were able to statistically correlate MP uptake with the ingestion of specific prey items in each fish species (e.g., shellfish, crabs, vegetation), enabling the researchers to identify patterns in MP ingestion related to foraging modes. Peters et al. (2017), thus, found a tendency for higher MP ingestion related to a generalist foraging mode and methods of prey capture in comparison to selective (invertebrate) foraging, as displayed by grunt (pigfish) Orthopristis chrysoptera in their study.

The assessment of the entire GIT content may imply other valuable insights into modes of MP ingestion in fish, such as trophic transfer and bioaccumulation which are currently rather neglected by most of the scientific literature (Wright et al., 2013; Lusher et al., 2017b; Chagnon et al., 2018). Upon chemically or enzymatically digesting the entire GIT content for MP analysis, information about feeding preferences are lost, which could be relevant for investigating the probability of trophic transfer. Obviously, the size relation between the prey or predator and the MP particles and fibers represents an essential constraint, as the prey organisms need to be capable of ingesting MP particles and fibers >1 μm in size to fall into the category of MP. Only few studies included in this review investigated the potential existence of MP transfer from prey to predator organisms. In a study on different fish species (i.e., predators) and shrimp (i.e., potential prey), McGoran et al. (2018) found higher MP ingestion rates in pelagic fish and flatfish species (MP-feeding fish: 36%) than in the invertebrate taxon (MP-feeding shrimp: 6%). This observation was considered to indicate bioaccumulation of MP from prey to predator. In a study by Chagnon et al. (2018), MP were found in flying fish Cheilopogon rapanouiensis preyed upon by yellowfin tuna Thunnus albacares, thus, the authors argued that MP may be transferred from prey to predator. Rios-Fuster et al. (2019) found undigested Sardina pilchardus in the GIT of Trachurus mediterraneus, and upon analyzing the GIT of the prey fish, anthropogenic particles were found, supporting the hypothesis of trophic transfer in fish. The extent to which the secondary ingestion of MP contributes toward bioaccumulation in fish remains to be critically evaluated on the basis of more in-depth studies on a variety of fish taxa, especially as many of the higher trophic species are consumed by humans. Particular consideration should be devoted, however, to the potential capability of fish taxa to egest small-sized particles so that MP may not necessarily accumulate inside the GIT over time (Foekema et al., 2013; Chagnon et al., 2018).



Environmental Samples

Establishing a link between the content analysis of the fish GIT and the environment in which the fish were sampled is complex; the majority of in-situ studies (73/90) did not include water, plankton or benthos samples as a reference for MP abundance. In the studies which did so, however, the resemblance between the environmental MP and the ingested MP varied greatly. Concerning the abundance of MP in environmental samples and in fish GIT, Lusher et al. (2016) were not able to detect any correlation between the MP numbers in subsurface waters and the amount of MP ingested by fish in the same area. A similar observation was made by Collicutt et al. (2019) comparing the GIT MP concentrations in juvenile chinook salmon to environmental (water and sediment) MP concentrations. In contrast to this, Güven et al. (2017) detected a different pattern in fish from Turkish territorial waters: individuals with higher MP loads in their GIT originated from sampling sites with higher MP particles abundances, thus mirroring the local conditions in terms of MP pollution.

Concerning the color and particle types (i.e., fragments or fibers) of MP detected in the environment and also in the fish GIT, the outcomes of the few studies that took environmental samples into account seem to be equally divergent. Ory et al. (2017) for example found a significantly different representation of the most common colored MP particles ingested by Decapterus muroadsi in comparison to the representation of colored MP detected most frequently in water samples. Specifically, the researchers verified a selective feeding for blue MP consistent with a higher prey selectivity for transparent-blue copepods in the diet of the fish, both more commonly ingested than expected based on their relative representation in the surrounding environment. Consistent with the observation of this selective feeding, the damselfish Pomacentrus moluccensis was found to ingest white or transparent fibers, potentially reflecting their natural prey items, with a higher frequency than this observed in the corresponding surface water samples collected in the habitat of the fish (Jensen et al., 2019).

In contrast, other studies clearly demonstrated the mirroring of the assemblage of MP sampled from surface waters or the water column and the MP assemblage found in the fish GIT, thus, indicating non-selective or random feeding. In mesopelagic fish species from the North-western Atlantic, for instance, no evidence for a color-selective feeding was established, as the MP detected in the alimentary tract were similar to those sampled from surface waters (Wieczorek et al., 2018). Supporting this observation, fish larvae from the western English Channel ingested predominantly blue fibers, corresponding to the particle category most represented in the water column (Steer et al., 2017). In a time series analysis of MP in plankton samples and fish from the Baltic Sea, the GIT content of herring Clupea harengus and sprat Sprattus sprattus also mirrored the composition and abundance of MP in the water column, both in terms of MP types (i.e., fibers, fragments) and size classes of MP over the years (Beer et al., 2018). Juvenile chinook salmon Oncorhynchus tshawytscha were also reported to non-selectively ingest MP of various colors and types (i.e., fibers) with reference to water and sediment samples assessed from the respective sampling sites (Collicutt et al., 2019).

The inconsistent findings and apparent mismatches between ambient samples and fish GIT both in terms of MP abundance and MP categories and colors may be explained on the one hand by the mobile and often migrating behavior of fish on horizontal and vertical scales (Lusher et al., 2016), and on the other by the spatial and temporal heterogeneous distribution of MP in the marine environment (Barnes et al., 2009; Goldstein et al., 2013; Antunes et al., 2018). Moreover, fish species showing specific feeding preferences with regards to sub-surface or benthic prey items may, further, distort the interpretation of results due to varying probabilities of MP encounter and ingestion across certain local, regional, or even seasonal scales (Lusher et al., 2016; Silva et al., 2018a). Thus, considerations of the ecology of the study organism as well as the hydrography of the sampling site are essential to holistically evaluate the correlation between MP in fish GIT and in the ambient environment. As laboratory experiments verified harmful effects of adsorbed toxins (Rochman et al., 2013), the collected MP from environmental samples should be considered for analysis of ambient toxins as well as harmful microorganisms adsorbed or for chemical additives inherent to the particles; the outcomes of such assessments may shed light on the potential implications of MP ingestion for fish.



Environmental Parameters

Environmental parameters may have significant impacts on the physiological and ecological performance of fish. Related to the uptake of prey and, thus, the potential presence of MP particles in the GIT of a fish, the following abiotic factors may be considered relevant: oxygen availability determines, for instance, the swimming and feeding activity (Fry, 1971), temperature is known to impact the feeding and the egestion rates (Fänge and Grove, 1979; Pandian and Vivekanandan, 1985; Beer et al., 2018), light intensity has been shown to also affect activity levels, swimming speed, and visual capacity relevant for near-field location and predation success (Downing and Litvak, 2000; Trippel and Neil, 2003), salinity may shape fish assemblage distribution and with that the probability of MP exposure (e.g., within estuaries; Blaber and Blaber, 1980). Furthermore, current velocity or tidal currents could also influence not only the activity, distribution, and feeding behavior of fish (Stoner, 2004), but also the distribution of MP particles and fibers in the ambient waters (Kanhai et al., 2017; Welden and Lusher, 2017; Zhang, 2017). Concerning the distribution and abundance of MP, rainfall (i.e., seasonality) may be also considered a relevant factor especially in estuarine-based studies, as increased precipitation leads to higher MP abundance caused by increased river discharges (Lima et al., 2014) which in return also affects levels of salinity or temperature in the estuarine environment. All of the above highlight the importance of recording abiotic variables along with prey/MP availability in in-situ MP ingestion studies. However, only a minor part of the studies investigated here (4/90) explicitly reported on any environmental factors (i.e., Ferreira et al., 2016, 2018; Vendel et al., 2017; Silva et al., 2018a).

In studies based on sampling campaigns during the dry and rainy season in the Goiana estuary, Brazil, a spatio-temporal pattern of filament ingestion was revealed for different life stages of Cynoscion acoupa (Ferreira et al., 2016, 2018). According to the authors, the highest ingestion of filaments was recorded for adult individuals during the rainy season; the increased availability of filaments during this time of the year was hypothesized to be related to the peak in fishing activities acting as the origin of the filaments. From the same estuary, a spatio-temporal pattern of MP ingestion was also reported for different life stages of Pomadasys ramosus and Haemulopsis corvinaeformis (Silva et al., 2018a). All of the three studies recorded a variety of different environmental parameters, including salinity, dissolved oxygen, Secchi depth, and rainfall rates obtained from local meteorological stations. A significant impact of any of the assessed environmental parameters on the MP uptake of the fish species studied was, however, neither investigated nor substantiated in either of the studies. The same holds true for a comparative study performed during rainy and dry season along the salinity gradient in two other Brazilian estuaries subjected to varying levels of anthropogenic pressures (Vendel et al., 2017): the authors did not relate MP uptake to the seasonality, the salinity gradient assessed, or any other environmental factor. Notwithstanding the above, it may be expected, however, that a larger number of studies has information on abiotic data available for correlation analyses, especially those studies conducted on board research cruises as part of continuous monitoring campaigns (e.g., Bellas et al., 2016; Hermsen et al., 2017; Beer et al., 2018; Pellini et al., 2018b). As the metabolic demands and, thus, the feeding and egestion rates vary not only with life stage and species but also with prevalent abiotic factors, past, present, and future studies should (re-)evaluate the presence of prey or MP particles in the fish GIT with primary emphasis on temperature and oxygen, and secondary with regards to light intensity, salinity, current velocity, and seasonality.




Publication Biases

Within the previously mentioned broad category of publication biases, different sub-categories were suggested for further differentiation (Figure 7), of which several of the delineated above may be recognized in MP research on fish on the basis of this review.


[image: Figure 7]
FIGURE 7. Different types of publication bias (Ekmekci, 2017).



Time-Lag Bias

According to Song et al. (2013), studies reporting significant or major results may be prone to more timely publishing than those stating insignificant outcomes. Taking into account the time-consuming procedures associated with alimentary tract analysis and MP particle identification [e.g., Fourier-transform infrared spectroscopy (FTIR) or Pyrolysis gas-chromatography mass-spectrometry (Py-GC/MS)] used in many studies, and consequently the small amount of samples that can be processed in a short period of time (Käppler et al., 2016, 2018; Silva et al., 2018b), a time lag between the sampling campaign and the consequent publication is inevitable, irrespective of the potential outcomes. In cases where only month and year were given, the last day of the respective month was chosen to calculate the time lag between sampling campaign and publication date online. Moreover, publications which indicated only a season (e.g., spring) as a reference for the sampling campaign were excluded for this analysis. As the entire submission and publication process (including the precise dates) was not uniformly trackable for all publications under review and due to the varying reporting schemes for MP feeding across fish taxa, the number of studies considered for the time lag analyses varies. Based on the accessible information for 67 of the 90 studies under review, 28.21 ± 18.92 months is the average time between the actual sampling campaign and the online publication of the study. Looking at the submission and publication time lag separately, the average time between the last month of sampling and the submission of the manuscript was 24.43 ± 19.34 months (n = 58), whereas after the submission, the review and publication process took on average 4.12 ± 2.26 months (n = 57). Studies reporting an uptake rate of <10% (n = 16) across all individuals investigated took 23.13 ± 12.27 months to be published online, whereas studies with 10–100% MP ingestion (n = 48) across individuals were published within 27.19 ± 15.51 months after the last month in the field. There was no correlation between the proportion of MP feeding individuals in a study and the total time lag between the last month of field work and the online publication (data not normally distributed, Spearman rank correlation coefficient n = 64, R = −0.013, p = 0.92). As opposed to the hypothesis by Song et al. (2013), according to which studies with major results might be published faster, no significant correlation was found between the proportion of MP feeding individuals and the time lag between submission and publication (Spearman rank correlation coefficient n = 55, R = −0.019, p = 0.89). Furthermore, no significant correlation was found between the number of fish taxa included and the total time lag between field work and publication (Spearman rank correlation coefficient n = 67, R = −0.15, p = 0.22) nor between the number of individuals assessed and the total time lag (Spearman rank correlation coefficient n = 66, R = 0.062, p = 0.62). The existence of a time-lag bias may, thus, be considered incidental. Given the overall low number of insignificant, low, or negative reports in terms of MP-feeding currently published, the existence of this bias should be, nonetheless, re-evaluated in the future.



Language Bias

The language in which a report is written may pose a significant obstacle to the thorough and holistic evaluation of the current state of knowledge in a specific research area (Ekmekci, 2017). The literature reviewed here was exclusively written in English and published in peer-reviewed journals, in which the publication-language is English. Reasons for this may be seen in the data-base inquiry itself (Mongeon and Paul-Hus, 2016), which was based on English keywords (plastic and fish), as well as on the fact, that most peer-reviewed, high impact journals in natural sciences are published in English (Meneghini and Packer, 2007; Mongeon and Paul-Hus, 2016). The limitation of a review to English-language literature only may lead to adding a certain tendency—or bias—to the outcome of the review. Beyond the actual language in which a report is published, the framing of titles, abstracts or results using certain phrases or terms may also contribute to a distorted perception of MP ingestion across fish taxa (Section Outcome reporting bias). From the perspective of scientific ethics, the impact of a language bias in the field of biological/natural sciences may be valued differently in comparison with the other biases discussed hereinafter. Notwithstanding the above, researchers, editors, and reviewers should be equally encouraged to pay special attention to the compliance and usage of neutral language in scientific reports. Moreover, researchers may always consider the publication of results for a non-scientific audience in a transparent, easily understandable and potentially local language.

Besides the actual publication language, the areas under investigation may also add to a certain language bias: considering the geographic areas under investigation by the studies reviewed here (Figure 8), certain regions such as the Mediterranean, the Baltic and/or North Sea as well as the Western Atlantic seem to be represented to a greater extent than others, i.e., the Southern Ocean, the Persian Gulf or the Arctic Ocean, are all represented by a single study only (Cannon et al., 2016; Abbasi et al., 2018; Kühn et al., 2018). Other regions, such as the Red Sea or the Indian Ocean are not included at all. It cannot be excluded, that references for the abovementioned areas and beyond do exist and have simply not been assessed by this literature review and data base inquiry. Nonetheless, collating, mapping, and evaluating the knowledge on MP distribution and extent of exposure and ingestion may be substantially impaired by the heterogeneous distribution of geographical areas examined as well as by the existence of unsampled spots on the world ocean map. International collaboration between researchers and institutes should, therefore, promote investigations in areas currently underrepresented to contribute to a holistic overview on the global extent of MP distribution and the potential impact of ingestion.


[image: Figure 8]
FIGURE 8. Representation of geographic regions which were covered by at least three or more studies included in this review. Studies from the Baltic and the North Sea were combined for this graphical illustration.




Duplicate/Multiple Publication Bias

Publishing the same research or data set twice, with substantial analogies in both manuscripts in relation to the underlying scientific theories, methodologies, outcomes, or conclusions, may lead to an erroneous perception of the significance of results both among the scientific community and potentially also among civil society (Ekmekci, 2017). In many cases, the same researchers authored similar manuscripts, cross-referencing to both publications happens infrequently, and duplicate publication of results goes beyond abbreviated reports for the media or for a narrow audience, or communicating outcomes in different languages (Johnson, 2006). Even though brief abstracts in conference proceedings are considered acceptable (Committee on Publication Ethics, 2003), the admissibility of publishing the entire study in a conference proceeding may be questioned when later on published as a stand-alone study in another journal. Upon going through the results of the data base inquiry for this review, the following example stood out: Pellini et al. (2018a) published their study on MP ingestion by common soles in the Adriatic Sea within the Proceedings of the International Conference on Microplastic Pollution in the Mediterranean Sea. In Pellini et al. (2018b), MP in the gastrointestinal tract of common soles from the Adriatic Sea was published in the journal Environmental Pollution. Cross-checking both publications revealed a considerable duplication of the area under investigation, the number of individuals examined as well as the results obtained and discussed. Yet, these almost identical studies were listed separately by the means of the data base research, and a cross-reference to each other was not found. Comparably, Bessa et al. (2018a) published a brief version of their study on MP uptake in three commercially important fish species (namely Dicentrarchus labrax, Diplodus vulgaris and Platichthys flesus), likewise, within the Proceedings of the International Conference on Microplastic Pollution in the Mediterranean Sea, with the extended version reporting on the same species, sample sizes and results, however, is published separately as Bessa et al. (2018b) in the journal Marine Pollution Bulletin. In another case, papers by Ferreira et al. (2016) and Ferreira et al. (2018) on acoupa weakfish appear to report on the same data set for a publication on dietary habits (incl. MP) and a more detailed study exclusively on MP ingestion. Even though the objectives of both publications are slightly different from each other, it seems that almost the identical data set of biological samples was used for two reports on MP ingestion by this fish species. These examples obtained by a single data base inquiry exemplify how the significance of MP ingestion by fish might be overemphasized through repetitive publications. Besides the mere increase in published literature on the topic, the waste of resources and ethical implications for the authors, editors, and journals involved, the repetitive release of fundamentally the same information may lead to the misperception of environmental pollution. This, in turn, could ultimately lead to the loss of scientific credibility, which might affect future research initiatives, funding availability, and policy making.



Outcome Reporting Bias

The publication of findings from scientific investigations with multiple outcomes is considered biased if “positive” outcomes have a higher probability to be included in the report than “negative” ones (Song et al., 2013)—this selective editing of results is also called “within-study publication bias.” The following examples were identified from the results of the literature review conducted here: in a study by Steer et al. (2017), the authors only mention those fish species explicitly for which MP uptake was found. In comparison to a total of 23 different species investigated, MP-feeding was reported for five species, which were given in the report by scientific names and abundances investigated. Information on the remaining 18 non-MP feeding species cannot be accessed on the basis of the actual publication. Upon personal request, however, Steer et al. provided original data on the investigated species for this review. Vendel et al. (2017) also reported on only a sub-set (n = 27) of the total number of species investigated (n = 69), explaining this selection by the inadequate sampling sizes for the other species (i.e., below 10 individuals per species) which could potentially impair statistical analysis. A record of the remaining 42 species with minor abundances is not included in the report. In a study by McGoran et al. (2018), the authors also do not mention the non-feeding species in the publication text. However, details on these species are accessible via the table included in the accompanying Supplementary Material. Taking not only recent studies into consideration, it becomes obvious that the existence of this outcome reporting bias dates back almost five decades: Carpenter et al. (1972) explicitly mentioned only those species with common names, scientific names and abundances that were found with MP spheres in their gastrointestinal tract.

Another instance of outcome reporting bias is the non-publication of entire studies if a specific outcome could not be inferred from the data analyzed, i.e., no MP fibers or particles present in the GIT of a fish species examined (Liboiron et al., 2018). A conceivable additional source of bias for MP ingestion studies might be the “relabeling” of a MP-uptake analysis as a dietary analysis of a fish species, which was not found (but initially suspected) to ingest MP particles. The consequent lack of explicit specification of absence of MP in the GIT by focusing on reporting of natural prey items may further distort the perception of MP exposure and ingestion by fish.



Selective Citation Bias

According to Leimu and Koricheva (2005), several different factors may contribute to a selective citation of ecological papers: apart from the journal's impact factor, the number and consortium of researchers and institutions involved (including their nationalities), results supportive of a widely accepted hypothesis are cited more often. Following Ekmekci's (2017) reasoning, studies with statistically significant and “positive” results are cited more frequently than others. Identifying this bias on the basis of the literature reviewed here is hardly possible due to the lack of reports on minor or none uptake of MP in fish (Liboiron et al., 2018). However, due to the high potential of the existence of an outcome reporting bias (see above), the existence of a consequent selective citation bias seems plausible. By assessing the citation history of all articles included in this review (conducted on the 6th September 2019), the potential existence of a selective citation bias was investigated. The number of citations in the year 2019 were excluded, moreover, the respective first year in which a paper was published was not considered either. By this, a mean number of citations per year was computed. If the paper was published in 2017, citations for 2017 and 2019 were not taken into consideration as the calculation of a citation rate per year would have been then based on 1 year only (2018). Therefore, these references were also excluded. Due to the high number of papers published within the past 2 years, the citation per year was, thus, calculated for a subset of 33 manuscripts. Figure 9 shows the computed correlation based on Spearman rank correlation coefficient for not normally distributed data. The correlation coefficient between the citation rate per year and the proportion of MP-feeding individuals shows a marginal trend toward a significant positive relationship (R = 0.3379; p = 0.054), yet with the minority of data within the 95% confidence interval. Based on this analysis, the existence of a selective citation bias was not verified beyond doubt, although given the slight tendencies detected for a subset of papers included in this review, the potential occurrence of this bias may not be completely ruled out.


[image: Figure 9]
FIGURE 9. Scatter plot showing the relationship between the citation rate per year and the proportion of MP feeding fish (%) for a subset of studies (n = 33) included in this review. Spearman's rank correlation coefficient (R) was computed, along with the corresponding significance level (p-value) of the correlation. Light-blue shaded area represents the 95% confidence interval.




Media Attention Bias

Online and print media play an important role in distributing information on global environmental concerns such as marine (micro-)plastic pollution, impinging public awareness and political actions alike (Science Advice for Policy by European Academies, 2019). The increase in scientific and media coverage of the topic of MP litter is indubitable (Lusher, 2015; Phuong et al., 2016; de Sá et al., 2018; Liboiron et al., 2018; Cunningham and Sigwart, 2019). Irrespective of the fact that the actual implications of MP presence in the oceans have not been clarified beyond doubt, public perception of marine MP appears to be rather unequivocal. A recent study by Völker et al. (2019) confirmed the media framing of the topic by showing that the minority of scientific studies (24%) actually considers the risk of MP as evidenced beyond doubt, whereas the majority of media coverage (93%) seems to take the existence of detrimental effects of MP for granted. Derived from this, a media attention bias and consequent framing can be ascertained for both the topic of marine MP in general and for MP ingestion by marine biota in particular.





CONCLUSION AND RECOMMENDATIONS


Focus of Future Studies

In the 90 studies under review here, approximately one third of the individual fish assessed were found with MP particles or fibers in their GIT, with an average plastic load of around 2 particles. Yet, comparing the outcomes of different in-situ MP uptake investigations in marine and estuarine fish is challenging due to a lack of harmonized methodologies and standardized protocols as well as to the fact that only few species are examined in sufficient sample sizes. Furthermore, MP identification was frequently conducted exclusively by visual means. Individual ecological parameters (e.g., body dimensions, trophic level, feeding guild, preferred habitat) do not seem to explain the frequency of MP-feeding or the variation of MP ingestion rates beyond doubt. Thus, scientific efforts should go beyond the commonly applied categories to further investigate determining factors for MP ingestion, bearing in mind the following guidelines for in-situ studies on MP ingestion by fish (Figure 10).


[image: Figure 10]
FIGURE 10. Recommendations of essential details future in-situ studies on MP ingestion by fish to assure effective contributions toward an integrated assessment and holistic evaluation of the extent and impact of MP uptake.


On the basis of the present review and the accompanying Supplementary Tables 1, 2, the following fundamentals for conducting in-situ assessments of MP uptake in marine and estuarine fish are suggested:


Selection of Relevant Fish Taxa und Life Stages

Based on the outcomes of this review, a number of fish species and families can be identified relevant for future research initiatives, as either these taxa have not been studied yet or have been found to vary in terms of MP uptake across different studies and geographic regions. Moreover, ELS (especially of commercially important fish taxa) should be targeted by prospective scientific efforts as they are hypothesized to show a high vulnerability to the ingestion and impact of MP. To significantly contribute toward an enhanced understanding of MP pollution as a threat for marine and estuarine fish, adequate sample sizes (i.e., >20 individuals per taxon) need to be taken and analyzed—prioritization should be given to single-or “few-species” -studies with sufficient sample sizes over multi-species assessments with <10 individuals per taxon.



Publication of Field Data

To ensure comparability of studies and a sound evaluation of the outcomes, essential details of the sampling-strategy and fieldwork need to be recorded and shared with the scientific community as well as civil society. Key information on the precise sampling date, time, location, and depth are just as relevant as specifications about the sampling gear applied (e.g., mesh sizes). Furthermore, the assessment of a potential methodological bias, e.g., stemming from consequent laboratory procedures, is greatly enhanced if details on the sampling and processing protocols are shared.



Investigation of the Gastrointestinal Tract

As demonstrated by this review, future research efforts should take an essential step toward the integrated evaluation of the hazardous potential of MP ingestion by analyzing the entire content of the GIT and, thus, quantitatively and qualitatively compare the uptake of natural prey items to MP fragments and fibers. Thereby, also the importance of trophic transfer of MP along the food chain could be further elucidated.



Contextualization of MP Ingestion

To identify potential MP uptake selectivity across fish taxa, feeding strategies, or life stages, environmental samples (e.g., water, plankton, or benthos collections) should be taken in the respective habitat or at the specific fish-sampling site and, consequently, compared to the outcomes of the GIT analysis. By integrating ambient samples into the assessment of MP uptake by fish, in-depth knowledge is gained on the distribution and abundance of MP in different compartments which may contribute also to an enhanced understanding of the vulnerability of individual taxa or life stages depending on specific habitats or prey items.



Correlation of MP Exposure and Ingestion With Abiotic Parameters

As environmental parameters and local conditions may significantly affect the physiological and ecological performance of a fish and consequently also the ingestion (as well as egestion) of MP particles and fibers, future investigations should aim at detecting links between the uptake of MP and abiotic environmental parameters such as temperature, oxygen, light intensity, or local weather conditions. To comprehensively analyze the horizontal and vertical pathways of MP distribution and the resulting implications for complex food-webs, more research is needed in currently under-represented geographic areas as well as in ecosystems which exhibit specific hydrographic and oceanographic properties (e.g., coastal habitats, marine upwelling ecosystems).



Investigation of MP-Uptake Related Physiological and Ecological Effects

To further unravel the underlying drivers for and impacts of MP ingestion across marine and estuarine fish, the precise recording of morphological/anatomical features is considered essential (e.g., standard length, height, eviscerated weight, mouth gape). The assessment of fish condition and potential differences in growth between MP-feeding and MP-non-feeding individuals may be considered expedient in determining the impact of MP uptake on a species- or population-specific scale. Enzymatic, toxicological as well as histopathological approaches should be also considered by prospective research initiatives to holistically evaluate the physiological as well as ecological effects of MP ingestion across fish species and families.



Verification of Spatio-Temporal Trends in MP Exposure and Uptake

An extension of short-term investigations of MP uptake toward long-term monitoring initiatives should be implemented by future scientific investigations. Therefore, repetitive sampling campaigns in the same area on key indicator species will assist in understanding the progression of marine plastic litter as a potential threat over the years to come and to evaluate the effectiveness of applied ecosystem conservation and litter reduction measures. In this respect, a de novo analysis of already existing samples collected by annual (or at least continuous) monitoring campaigns may be advisable with special focus on MP detection to clarify previous trends in MP abundances and distribution.




Publications Biases

Irrespective of the reasons for why the non-feeding individuals/taxa are not included in the actual publication or for why studies reporting minor or zero uptake rates seem to be underrepresented, one or several biases may be attested for the reporting on MP uptake by fish, both in the past and in recent scientific investigations. With regards to the continuously growing research area, the incidence of these biases needs to be reduced to accurately inform both the scientific and public community about the extent and impact of MP ingestion on fish. Considering the high media coverage along with the easy comprehensibility and accessibility of the topic for a broad audience in comparison to other more complex environmental threats (e.g., ocean acidification), more attention should be devoted to critically examining and reporting about MP and its consequences to preserve the public's trust in scientific research. Scientists and editors should, thus, be encouraged to consider studies contradicting the common notion of an environmentally relevant topic for publication and may even contemplate a re-evaluation of scientific outcomes beyond the mere statistical significance. Moreover, both editors and authors should take steps toward preventing publication biases such as duplicate publication bias.
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