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The perception that anthropogenic stressors cause jellyfish blooms is widespread within the scientific literature and media but robust evidence in support of these claims appears scarce. We used a citation analysis of papers published on “jellyfish blooms” to assess the extent to which such claims are made and the robustness of the evidence cited to support claims. Our search of the Web of Science returned 365 papers on “jellyfish blooms.” Each paper was searched for statements linking jellyfish blooms to specific anthropogenic stressors. For each statement we recorded the affirmation afforded to the claim, identified the stressors purported to cause blooms, the sources cited to support the statement, the type of study cited and the species studied in the cited source. Almost half the papers contained statements claiming that blooms were facilitated by anthropogenic stressors but most (70%) afforded a low degree of affirmation to the claim. We identified three major limitations in the evidence cited to support claims: (1) it was dominated by studies of two wide-spread and highly invasive taxa (Aurelia aurita and Mnemiopsis leidyi) that may not represent the responses of jellyfishes more generally; (2) the empirical evidence cited was dominated by correlative studies which, whilst useful for generating hypotheses, cannot attribute causation; and (3) the reviews most commonly-cited as evidence mostly cited circumstantial evidence and other reviews and provided conceptual models of how stressors could influence blooms, rather than robust evidence. We conclude that, although anthropogenic stressors could enhance jellyfish blooms, robust evidence is limited. Claims that strongly affirm anthropogenic stressors as causes of jellyfish blooms appear to be amplifying the evidence beyond that available. As a community we need to qualify the statements we make about jellyfish to strike a better balance between perpetuating perception and accurately portraying the state of knowledge.
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INTRODUCTION

Ideas that gain widespread acceptance within a scientific discipline need to be supported by a substantial body of robust primary data. The formation and propagation of these ideas throughout the literature should be easily traced back to the primary data through the network of citations. Often the link to the primary data will be direct (i.e., when the primary data are directly cited) although it may be indirect, such as when reviews or meta-analyses that cite the primary data are cited instead of the primary data itself.

Scientific ideas, however, can become distorted as they are propagated throughout the literature. Distortion can take different forms, including bias (i.e., selective citation of evidence that supports a claim and failure to cite evidence contrary to the claim) and amplification [where the idea gains widespread acceptance despite supporting evidence being limited Greenberg, 2009]. Sometimes a small number of papers that are heavily cited have a disproportionate influence on the propagation of ideas. These papers have the potential to distort ideas if they exhibit bias or make statements that are not fully supported by robust primary data (Greenberg, 2009). Finally, hypotheses may become accepted as “fact” through sheer repetition (Greenberg, 2009).

Despite some contrary evidence (Condon et al., 2013), an idea that is widespread in the marine ecology literature is that jellyfish blooms are increasing. Indeed, >85% of papers that issued statements about jellyfish population trends claimed (with greater or lesser affirmation) that jellyfish blooms were increasing and none claimed blooms were decreasing (Sanz-Martin et al., 2016). Problematic jellyfish blooms certainly occur in some coastal regions of the world and often generate substantial scientific and media attention due to their negative interactions with tourism, power generation and fishing industries (Graham et al., 2014). These blooms are often portrayed as symptoms of degraded ocean environments (e.g., Jackson et al., 2001) and claims that they are caused by anthropogenic stressors such as climate change, eutrophication and overfishing pervade the scientific (e.g., Purcell et al., 2007; Richardson et al., 2009; Purcell, 2012) and mainstream popular literature (e.g., Gershwin, 2013) and media (Condon et al., 2012).

More often than not, authors make generic statements about the responses of “jellyfish” (defined here as cnidarian medusae and ctenophores) to anthropogenic stressors rather than statements about specific species or taxa (e.g., Richardson et al., 2009). Jellyfish, however, are an ecologically diverse group of animals that occupy different geographic regions and habitats (Lucas et al., 2014), exhibit substantial trophic diversity and have diverse, and usually complex, life histories. The broad ecological and physiological diversity of these taxa suggests that not all species will respond similarly to environmental perturbations. The portrayal, therefore, of jellyfish as a group that will uniformly benefit by exposure to anthropogenic stressors is at odds with their diversity and distribution in the global ocean.

 Sanz-Martin et al. (2016) recently identified that bias, through the selective citation of studies reporting increasing jellyfish populations contributed to the (as yet) unsubstantiated claim that jellyfish blooms are increasing globally (Condon et al., 2013). However, in addition to common assertions that jellyfish blooms are increasing globally, the published literature also frequently contains statements that anthropogenic stressors cause bloom events (e.g., Richardson et al., 2009; Purcell, 2012). We asked, therefore, whether claims that anthropogenic stressors cause jellyfish blooms are supported by robust primary data or whether such claims have also become distorted as they have propagated throughout the literature. We were particularly interested in assessing the types of evidence people cited to support their claims and whether the claims were supported by studies of just a few, or a broad suite of taxa. We, therefore, undertook a citation analysis of the literature to test the robustness of the evidence that underpins the perception that jellyfish blooms are facilitated by anthropogenic stressors. First, we determined the extent to which claims that anthropogenic stressors cause blooms are made within the scientific literature, we identified the stressors most commonly cited as causing blooms, assessed the types of evidence used to support each claim and determined the species that were studied in the cited sources. Finally, we critically analyzed the robustness of the evidence presented in the three most influential (i.e., highly cited) reviews on the topic.

METHODS

Literature Search

The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) was used as a guide for undertaking this systematic review (Moher et al., 2015). We searched the Web of Science for papers published until Dec 31st, 2015 using the search term “jellyfish blooms.” Our aim was to return a representative sub-set of relevant literature to search rather than a comprehensive analysis of all literature on jellyfish blooms. We chose “jellyfish blooms” as the search term because this phrase is used very widely in the literature to describe bloom events and we wanted to focus on bloom-forming species. Moreover, since a recent citation analysis found no published papers stating that jellyfish blooms are decreasing (Sanz-Martin et al., 2016), we were not concerned about the potential for our search term to bias results toward studies of increasing rather than decreasing blooms. Papers that were not published in English or that could not be accessed after extensive searching were excluded. Each paper was searched for statements claiming that anthropogenic stressors cause jellyfish blooms or increases in jellyfish populations (Figure 1). It is important to note that we did not report on the findings of studies, rather only on statements issued regarding the drivers of blooms. Most statements occurred in the introduction and/or discussion and were supported by references to other studies. For inclusion in the citation network, statements needed to refer to specific types of stressors (e.g., eutrophication, overfishing) and the drivers needed to be linked to increasing (rather than just varying) jellyfish populations. Hence statements such as “It has been suggested that, in different places, jellyfish abundance may have increased in response to eutrophication, overfishing, and/or climate change” (Bastian et al., 2011) were included, but non-specific ones such as “….blooms may be increasing globally in response to changing ocean conditions” (Lalande and Fortier, 2011) were not, because such statements did not specifically state that the changing conditions were anthropogenic. A list of papers used in the network is provided in Tables S1, S2.
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FIGURE 1. Flow diagram of the methodology used to select and assess papers in this systematic review.



For each statement we recorded the affirmation afforded to the claim (i.e., whether the author asserted that it was possible, probable or definite that anthropogenic stressors caused blooms; Table S1), identified the stressors purported to cause blooms, the sources cited to support the claim, the type of study cited (i.e., whether it was a review, a correlative study, a mensurative study, an experimental laboratory or field study, a model, a phylogenetic study or a social study), and, if applicable, the species studied by the cited source (Table S2). Often the source cited to support the attribution of blooms to a particular stressor was readily identified but sometimes (18.6% of sources) it was not possible to assign the cited source to a specific stressor. This situation usually occurred when multiple stressors were listed in the statement but all sources were cited at the end of the sentence, rather than after each stressor the source was used to support.

The initial selection and classification of statements was undertaken by one author and their decisions were verified by a second author. Whenever these two authors differed in opinion a third author was consulted and the statement was discussed until a consensus was reached. Approximately 6% of the original classifications were queried.

Construction of Citation Network

Using the citation threads, we constructed a citation network that identified the types of evidence being used to support claims and the papers that were the most influential (defined as having the highest citation rates) in supporting the idea that anthropogenic stressors are increasing jellyfish populations. Each node in the network represented a paper that either contained statements linking jellyfish blooms to anthropogenic stressors (“citing papers”) or that was cited as evidence that anthropogenic stressors are increasing jellyfish blooms (“cited papers”). Some papers were classified as both “citing and cited” because those papers cited other papers to support statements they made about links between jellyfish populations and anthropogenic stressors, but were also cited by others as evidence that anthropogenic stressors are increasing jellyfish populations. Links from node i to node j indicated that paper i was cited by paper j. The colors of the nodes of the cited papers depicted the type of study (e.g., a review or a correlational study) and the transition of the colors of the links from black to green indicated the direction of citing paper to cited paper. The network was created using the igraph package (Csardi and Nepusz, 2006) in the R statistical environment (R Core Team, 2016).

Analyses of the Three Most Influential Reviews

Four papers were identified as having had the greatest influence (defined as highest annual citation rate) in forming the perception that anthropogenic stressors cause jellyfish blooms, including three reviews (Purcell et al., 2007; Richardson et al., 2009; Purcell, 2012) and one study that combined empirical experiments in the field and laboratory with field-based observations (Duarte et al., 2013). The three reviews were further analyzed for the evidence they provided in support of specific stressors causing blooms.

For each of the three reviews, the sources cited in support of each the following categories and sub-categories of stressors were assessed: overfishing (predation on jellyfish, overfishing of competitors of jellyfish, and fishing down food webs), eutrophication (changes to food web-structure, hypoxia and turbidity), anthropogenic climate change (warming and acidification) and artificial structures (Table S3). Only sources that referred directly to jellyfish were included. For example, sources cited as evidence that eutrophication increases production of microplankton were not included but sources cited as evidence that jellyfish can prey on microplankton were included. The sources cited were classified as being circumstantial or direct. Circumstantial evidence relies on inference to connect it to a conclusion of fact whereas direct evidence supports the assertion directly. Examples of circumstantial evidence included observations that jellyfish could feed on microplankton (e.g., Colin et al., 2005; the inference being that eutrophication increases relative abundances of microplankton, therefore, eutrophication can stimulate jellyfish production); evidence that jellyfish are preyed upon by fish (e.g., Mianzan et al., 1996) or that their diets overlap with those of zooplanktivorous fish (e.g., Purcell and Sturdevant, 2001; the inference being that overfishing of jellyfish predators or competitors will enhance jellyfish blooms) and observations that jellyfish were more abundant during warming periods of climate cycles (e.g., Molinero et al., 2005; the inference being that human-induced ocean warming will enhance jellyfish numbers).

RESULTS

Synthesized Findings

Our literature search returned 365 unique papers on the topic of “jellyfish blooms,” of which 338 were accessible and searched for statements that linked increasing jellyfish populations to anthropogenic stressors. The earliest papers returned by our search were published in 1995 (Olesen, 1995; Riisgard et al., 1995) but only two (Mills, 2001; Lynam et al., 2004) of the 15 papers published from 1995 to 2004 contained statements about anthropogenic drivers of blooms (Figure 2). The year 2005 heralded the start of an almost exponential increase in the number of papers published on the topic of jellyfish blooms and almost half (45 ± 6% SE) the papers published each year since then have included statements that associate increases in jellyfish populations with specific anthropogenic stressors (Figure 2).
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FIGURE 2. Number of papers published on the topic of “jellyfish blooms” each year that do and do not make claims that anthropogenic stressors cause jellyfish blooms.



Analysis of Citation Network

The citation network contained 283 papers: 150 papers made statements linking jellyfish increases to anthropogenic stressors (“citing papers”) and they cited 170 different papers to substantiate their claims (“cited papers”; Figure 3). Thirty-seven papers were “citing and cited.” Reviews were the most commonly cited (60% of all sources cited) type of paper for evidence of anthropogenic drivers of jellyfish blooms (Figure 3). Studies that correlated blooms with anthropogenic variables comprised 20% of all citations and experimental studies in the laboratory and field were cited relatively rarely (each comprised 5% of all citations).
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FIGURE 3. Network of citations. Nodes represent papers and lines connect citing and cited papers; the color of the line transitions from black (citing paper) to green (cited paper). Cited papers are arranged according to type of study and then chronologically (arranged clockwise). Individual papers are identified using a code available in Table S1.



More than half (60%) of the 170 papers that were cited in support of claims that blooms are caused by anthropogenic stressors were cited only once in the network and only thirteen papers were cited >10 times, indicating that a handful of papers have had a disproportionately large influence on conforming the perception that anthropogenic stressors cause jellyfish blooms (Figures 3, 4). The nine most frequently cited papers in support of such claims were: Purcell et al. (2007; 55 citations), Mills (2001; 44 citations), Purcell (2005; 40 citations), Richardson et al. (2009; 37 citations), Arai (2001; 31 citations), Purcell (2012; 29 citations), Lynam et al. (2006; 22 citations), Duarte et al. (2013; 16 citations), and Attrill et al. (2007) and Parsons and Lalli (2002); (15 citations each) but when the number of citations were standardized for the number of years since publication, three review papers (Purcell et al., 2007; Richardson et al., 2009; Purcell, 2012) and one empirical / observational study (Duarte et al., 2013) were identified as being most influential (Figure 5).
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FIGURE 4. Frequency with which papers cited in support of anthropogenic stressors causing jellyfish blooms have been cited.




[image: image]

FIGURE 5. Average citation rate (number per year) of the papers most commonly cited in support of claims that anthropogenic stressors cause jellyfish blooms.



Most authors (68%) were cautious about attributing jellyfish blooms to anthropogenic stressors but 15% of authors considered it probable and 17% asserted that jellyfish blooms had anthropogenic causes. Eutrophication (including the associated hypoxia and ocean darkening), anthropogenic climate change (including ocean warming and acidification), and overfishing were the most commonly cited causes of blooms, comprising 25, 25, and 23% of citations, respectively. Ocean sprawl and invasive species accounted for 13 and 10% of claims, respectively (Figure 6).
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FIGURE 6. Frequency with which various anthropogenic stressors have been attributed to causing jellyfish blooms.



Studies of 46 different taxa derived from 17 genera of Hydrozoa; 13 genera of Scyphozoa, and three genera of Ctenophora were used to support claims relating anthropogenic stressors to jellyfish blooms. Scyphozoa were studied in 116 of the 170 different papers cited as evidence that anthropogenic stressors cause blooms, with Ctenophora and Hydrozoa featuring in the remaining 40 and 24, respectively. Studies of the scyphozoan genus Aurelia and the ctenophore species Mnemiopsis leidyi, however, dominated the literature, and were represented in almost half (47.6%) of all studies cited in support of claims. Species in the genera Chrysaora and Cyanea featured a moderate amount (21 and 13 studies respective) but the remaining taxa featured in a maximum of seven papers (Figure 7). Studies of just a few taxa, therefore, have had a disproportionate influence on forming perceptions about the response of jellyfish to anthropogenic stressors.
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FIGURE 7. Number of cited papers that featured each taxon.



Analysis of the Three Most Influential Reviews

Two-thirds (67%) of the evidence cited in support of anthropogenic stressors causing blooms in the influential reviews of Purcell et al. (2007), Richardson et al. (2009) and Purcell (2012) was circumstantial (Figure 8). This was particularly apparent for claims relating to overfishing of jellyfish predators (9 of 11 papers cited were deemed to be circumstantial). These generally cited a combination of reviews (e.g., Arai, 2005) and mensurative studies (e.g., Link and Ford, 2006) to demonstrate that jellyfish are preyed on by vertebrates but did not demonstrate any direct link between overfishing of predators and increases in jellyfish numbers. Similarly, the circumstantial evidence cited for eutrophication-induced changes in food webs causing blooms mostly comprised laboratory-based feeding experiments that showed that some species of jellyfish ingest microplankton (e.g., Colin et al., 2005) and that jellyfish reproduce faster when more prey is available (e.g., Purcell et al., 1999) but did not demonstrate that jellyfish could grow and reproduce when consuming microplankton characteristic of eutrophic food webs. Notably, these three reviews also relied heavily on former reviews as evidence for claims that anthropogenic stressors cause blooms (25% of sources cited were other reviews).
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FIGURE 8. Types of studies cited as evidence by the three most influential reviews (Purcell et al., 2007; Richardson et al., 2009; Purcell, 2012) for the anthropogenic stressors most commonly cited to cause jellyfish blooms. White, circumstantial evidence; gray, non-circumstantial evidence.



DISCUSSION

Summary of Main Findings

The perception that jellyfish blooms are caused by anthropogenic stressors appears to have been amplified in the literature beyond what can be reliably inferred from the primary data. Our conclusion is based primarily on three major limitations we identified in the evidence being cited in support of anthropogenic stressors causing blooms. These are: (1) many of the large-scale phenomena linked to jellyfish blooms (such as overfishing or climate change) are evidenced by correlative studies that cannot attribute causation; (2) most evidence is dominated by studies of just two taxa: Aurelia spp. and Mnemiopsis leidyi; (3) the three reviews (Purcell et al., 2007; Richardson et al., 2009; Purcell, 2012) and one empirical study (Duarte et al., 2013) that have had the greatest influence in forming the perception have relied heavily on circumstantial evidence. Consequently, whilst the hypothesis that anthropogenic stressors cause blooms is certainly plausible (and may yet be substantiated), currently it is not well-supported by robust evidence.

The primary data cited in support of claims that stressors cause blooms was dominated by correlative studies. This reflects the substantial challenges associated with studying pelagic ecosystems and taxa that are difficult to house in the laboratory or manipulate in field-based mescosms. Well-conducted correlative studies are certainly valuable for generating hypotheses and testing some hypotheses. Nevertheless, they cannot attribute causation and so must be interpreted cautiously. Indeed, the long-term (decadal) cycling that occurs in many jellyfish populations (Condon et al., 2013) poses a particular challenge for interpreting correlative studies because potentially spurious relationships may be identified if environmental variables correlate with the rising or falling phases of the cycle. For example, the inverse correlation between the biomass of jellyfish and forage fish in the Bering Sea during the 1990s (Brodeur et al., 2002), which has been cited frequently as evidence that overfishing may cause jellyfish blooms, coincided with the rising phase of a much longer-term jellyfish cycle (Brodeur et al., 2008). The relationship between jellyfish and forage fish subsequently broke down when the jellyfish population entered a declining phase in the early 2000s (Brodeur et al., 2008). Indeed correlations between environmental variables and population dynamics frequently break down when retested with new data (Myers, 1998) and inferring mechanistic understanding from correlational data can be problematic.

Studies of the scyphozoan medusa Aurelia spp. and the ctenophore Mnemiopsis leidyi, accounted for almost half of all taxa studied in papers cited to support anthropogenic stressors causing blooms. Aurelia spp. and Mnemiopsis leidyi are bloom-forming taxa (e.g., Sullivan et al., 2001; Hamner and Dawson, 2009), are widely distributed (Dawson, 2004) and highly invasive (Bayha and Graham, 2014). Invasive species generally exhibit greater phenotypic plasticity than non-invasive species and this trait can allow them to persist in unfavorable environmental conditions (e.g., Richards et al., 2006). Moreover, invasive populations of Mnemiopsis leidyi mature earlier and at much smaller body sizes than native populations of M. leidyi (Jaspers et al., 2018) and Aurelia sp 1 polyps appear to compete more successfully for space within benthic communities than other scyphozoans (Feng et al., 2017). Aurelia spp. and Mnemiopsis leidyi, therefore, may poorly represent the responses to anthropogenic stressors of other scyphozoans and ctenophores. Over-representation of these two species in the literature cited to support claims that jellyfish are robust to stressors may have fueled the perception that jellyfish, in general, are robust to anthropogenic stressors. Indeed, the response of individual species to anthropogenic stressors is probably determined by a complex interaction of their physiologies, life histories, and ecological relationships and jellyfish exhibit diversity across all these traits (e.g., Arai, 1997; Rutherford and Thuesen, 2005; Flemming et al., 2015). The World Register of Marine Species (http://www.marinespecies.org) recognizes (at 26/1/2018) 191 species and 69 genera of Scyphozoa, 47 species of Cubozoa, 3,684 species of hydromedusae and 200 species of Ctenophora. We have studied the responses to anthropogenic stressors of just a small proportion of the total biodiversity of jellyfish and many more taxa need to be studied before concluding that jellyfish, in general, are robust to anthropogenic stressors.

Reviews were most commonly cited in support of statements linking blooms to stressors. Reviews are often appropriate sources to cite because they summarize the status of the knowledge at the time of publication. Most of the evidence provided to support claims in the three most commonly cited reviews (Purcell et al., 2007; Richardson et al., 2009; Purcell, 2012), however, was circumstantial and these three reviews often cited other reviews to support their statements. Moreover, the highly cited empirical and observational study by Duarte et al. (2013) also relied on circumstantial evidence to support conclusions. For example, they inferred that artificial substrates could promote jellyfish blooms because polyps were observed to settle prolifically (and sometimes preferentially) on artificial surfaces. They did not demonstrate, however, that prolific settlement of polyps on artificial surfaces would result in more medusae. The observation that the four most influential papers in the network relied primarily on circumstantial evidence, highlights the paucity of robust data that can unambiguously link proliferations of jellyfish to anthropogenic stressors.

The limitations of the evidence provided in the three most-cited reviews were clearly acknowledged by their authors but papers citing these studies often overlooked the caveats issued. Purcell et al. (2007) emphasized that only a few scyphozoan species are responsible for problematic blooms and provided examples of populations that may be negatively affected by anthropogenic stressors. Purcell et al. (2007) and Purcell (2012) clearly stated that anthropogenic causes of jellyfish blooms had not been demonstrated and that inferences were often drawn from correlative studies. Richardson et al. (2009) acknowledged that some of the evidence cited was circumstantial. Twenty-six percent of authors that cited these reviews, however, proffered strong assertions (i.e., affirmations were “probable” or “definite”) that anthropogenic stressors caused blooms. These three reviews, therefore, may have unintentionally amplified the perception that anthropogenic stressors cause blooms.

Robust citation practices and thorough evaluation of evidence are fundamental for ensuring accurate portrayal of the state of knowledge of a discipline. Our citation analysis of the literature used to support claims of a global rise in jellyfish (Sanz-Martin et al., 2016) identified selective citation of studies favoring increasing jellyfish populations facilitated a perception that was not substantiated when subsequently tested with quantitative data (Condon et al., 2013). Our current study has identified a different problem with citation practices; specifically that claims that anthropogenic stressors cause blooms have been amplified beyond what should be reasonably inferred given the types of studies and evidence available. Hence two major perceptions associated with jellyfish ecology appear to have been distorted, at least partially, by poor citation practices.

Problems of Perpetuating Perception

Only a relatively small number of jellyfish species form blooms. Scyphozoan jellyfish appear to account for most of the species that interfere with human enterprise but less than half the scyphozoan genera have been reported to aggregate, bloom or swarm (Hamner and Dawson, 2009). That only a subset of jellyfish species even form blooms (and that only some of these are problematic) is rarely acknowledged, however, in the statements published in the scientific literature (but see Purcell et al., 2007) and often entirely ignored when these results are communicated to the public and policy makers. Jellyfish ecologists should be vigilant in specifying that only a subset of species form problematic blooms to avoid perpetuating the perception that jellyfish, in general, are problematic. Qualifying the statements we issue about jellyfish, for example, by referring to “invasive jellyfish” or “problematic jellyfish” instead of “jellyfish” in general may help to more accurately convey the behavior of jellyfish populations to our peers and the public.

CONCLUSION

The idea that anthropogenic stressors cause jellyfish blooms appears to have been amplified beyond the evidence provided by the primary data. As a research community we should qualify the statements we issue about jellyfish, more critically evaluate the evidence we cite and strike a better balance between perpetuating perception and accurately portraying the state of knowledge, both in our scientific papers and in the way we convey our results to the public and policy makers.
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