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Microplastics (MPs) can readily be ingested by marine organisms. Direct ingestion and trophic transfer are likely to be the main pathway for microplastics to bioaccumulate in upper trophic level organisms. Bioaccumulation potential of MPs in marine mammalian foodwebs is scarcely known. To understand whether microplastics bioaccumulate in marine mammals, a bioaccumulation model for MPs was developed for the filter-feeding humpback whale and fish-eating resident killer whale foodwebs of the Northeastern Pacific. Applying three concentration scenarios for MPs by entering observed water and sediment concentrations as input data (low, high, and moderate scenarios), and tested under two different elimination rates (kE) for zooplankton, the model predicted species-specific and foodweb-specific bioaccumulation potential. The predator-prey biomagnification factor (BMFTL, used to assess the ratio of the MP concentration in predator to that in prey adjusted to the difference of trophic levels), involving cetaceans, appeared to be not only lower than one or equal to one (BMFTL ≤ 1 as in resident killer whale/Chinook salmon), but also BMFTL > 1 in some predator-prey relationships (humpback whale/zooplankton). Depending on the magnitude of abiotic concentrations used in the modeling, the trophic magnification factor (TMF) regression analyses over time showed lack of evidence for trophic magnification as the magnification was independent of the trophic level, indicating no changes (TMF = 1; p > 0.05), and trophic dilution (TMF < 1; p < 0.05) due to the decrease in MP concentrations as the trophic level increased. Projected biomagnification in simplified foodwebs revealed no significant increase in concentrations as the trophic level increased (TMF = 1; p > 0.05), following 100–365 days. Compared to the high biomagnification behavior of persistent organic pollutants in marine foodwebs, scarce biomagnification capacity of microplastic was predicted in the cetacean foodwebs. Notwithstanding, the moderate to high microplastic bioaccumulation predicted in some lower trophic level marine organisms highlights the health risks of toxic exposure to marine fauna strongly relying on fish and coastal communities highly dependent on seafood. This modeling work provides a tool to assess the bioaccumulation potential and impact of microplastics in the marine environment to support risk assessment and inform plastic waste management.
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INTRODUCTION

Ocean plastics are perversely impacting ecosystems and many marine organisms. Particularly, the marine fauna is threatened by macroplastics and microplastics causing direct lethal injuries (i.e., structural and physical damage due to entanglements, suffocation and intestinal obstruction) and sublethal health impacts, i.e., toxic chemical effects because of the leaching of associated and absorbed contaminants to which organism are exposed (GESAMP, 2010; Bergmann et al., 2015; Rochman, 2015; Rochman et al., 2019). Every ocean is polluted by marine litter, from which about 73% is plastic; and, more than 1,300 species are affected through entanglement and ingestion (Bergmann et al., 2017). The volume of plastic that entered the oceans in 2010 from 192 coastal countries (93% of the global population) ranged from 4.8 to 12.7 million metric tons (Jambeck et al., 2015). The entanglement with and ingestion of ocean macroplastics, including fishing line, plastic bags, and other plastic items, have been reported in about 30–81 species of marine mammals (Moore, 2008; Gall and Thompson, 2015; Kühn et al., 2015). In addition to deleterious entanglements and ingestion, marine debris and plastics serve as vectors for organic pollutants, including polycyclic aromatic hydrocarbons (PAHs), phthalates, nonylphenols, and persistent organic pollutants (POPs) such as polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), and dichloro-diphenyldichloro-ethylene (DDE), which is a byproduct of DDT (Moore, 2008; Gregory, 2009; GESAMP, 2010; Sigler, 2014). One study estimated that a minimum of 5.25 trillion particles weighing 268,940 tons is floating in the world’s ocean (Eriksen et al., 2014).

Of particular concern are microplastics (MPs, hereafter), which are defined as particles < 5 mm and categorized as (i) primary MPs, which are deliberately manufactured (e.g., microbeads in cosmetics, industrial cleaners, or virgin resin pellets for manufacturing and nurdles); and, (ii) secondary MPs, which are break-down products of plastic that exceed 5 mm (e.g., clothing, ropes, bags, and bottles) (Browne et al., 2007; Moore, 2008; GESAMP, 2010; Andrady, 2011; Duis and Coors, 2016). Most MPs likely originate from land-based sources (e.g., household and industrial waste and wastewater), although these pollutants can also be released from sea-based sources (e.g., fishing, shipping). Microplastics are now considered global pollutants and are part of a much bigger ocean pollution problem because of their persistence, hazardous and ubiquitous nature (Browne et al., 2007; Andrady, 2011; Rochman et al., 2013a, b; Ross and Morales-Caselles, 2015; Bergmann et al., 2017; Rochman et al., 2019).

Because of their small size, MPs are ingested by organisms of several different taxa including zooplankton, marine invertebrates, fish, seabirds, and marine mammals (Cole et al., 2013; Farrell and Nelson, 2013; Lusher et al., 2013, 2015, 2018; Romeo et al., 2015; Amélineau et al., 2016; Nelms et al., 2018, 2019; Moore et al., 2020). Of great concern is the potential for trophic-transfer of MPs and associated contaminants leached from MPs within lower-trophic, keystone organisms, including zooplankton, which is the essential functional group and primary consumer as the fundamental entrance link at the bottom of the food web for the uptake of microplastics. This trophic process is likely to transfer these contaminants up the food-chain, with the potential for bioaccumulation and thus adverse health effects in higher trophic level organisms (Cole et al., 2013; Lusher, 2015). As it stands, trophic transfer of MPs represents an indirect, but potentially major, pathway of exposure for any species whose feeding ecology involves the consumption of whole prey, including humans (Galloway, 2015; Nelms et al., 2018; Cox et al., 2019; WHO, 2019).

Specifically, within the foraging behavior of marine mammal species, marine debris and MPs may be ingested directly through incidental consumption, including feeding by pelagic and deep diving cetaceans and indiscriminate filter-feeding of small particles from large volumes of water by baleen (mysticete) whales (Simmonds, 2012; Besseling et al., 2015; Lusher et al., 2015, 2018; Germanov et al., 2018; Moore et al., 2020; Nelms et al., 2019). MPs with a size of 1mm, for example, were found in the gastrointestinal tract of a stranded humpback whale (Megaptera novaeangliae), as an indication of unselective ingestion by this baleen whale species (Besseling et al., 2015). MPs can also be indirectly ingested through trophic transfer, in which predators consume MP–contaminated prey items (Lusher, 2015). For example, during raptorial foraging behavior performed by most pinnipeds and dolphins (Hocking et al., 2017), or via bottom feeding and suction feeding on benthic organisms and sediments contaminated with MPs (e.g., walruses, belugas and gray whales). The ingestion of plastic debris and possibly MPs as a result of stranding event processes in cetaceans cannot be ruled out (Simmonds, 2012). Inhalation of air-borne particles, fibers or aerosols at the water-air interface in the oceanic atmosphere is also a potential route of exposure for air-breathing organisms such as marine mammals (Lusher, 2015).

While some empirical studies (experimental and field work) have investigated the trophic transfer of MPs between low trophic levels via exposure and ingestion (Cole et al., 2013; Farrell and Nelson, 2013; Setälä et al., 2014; Watts et al., 2014; Taylor et al., 2016; Santana et al., 2017), there is currently little research investigating the exposure and bioaccumulation of MPs per se in complex marine foodwebs and top predators (Besseling et al., 2015; Romeo et al., 2015; Fossi et al., 2016; Lusher et al., 2018; Nelms et al., 2018; Provencher et al., 2019). Foodweb bioaccumulation models of MPs for top predators are also scarce (Koelmans, 2015). Most bioaccumulation models have focused on the capacity of MPs to transfer organic contaminants [e.g., POPs such as PCBs and PBDEs, PAHs, nonylphenol (NP), bisphenol A (BPA) and phthalates] to biota and their role in bioaccumulation through the foodweb (Koelmans, 2015; Bakir et al., 2016; Diepens and Koelmans, 2018). More research to investigate ingestion rate, egestion rate, gut retention time and ingested volume of MPs is also urgently needed to understand the transfer between trophic levels and bioaccumulation of these particles, especially in marine mammals and their foodwebs (Lusher, 2015; Botterell et al., 2019; Provencher et al., 2019).

In the face of logistic challenges, permit limitations and ethical implications to work with and sample marine mammals, models provide a tool to explore the bioaccumulation of MPs in these species. A call to address the large research gap on bioaccumulation and biomagnification of MPs aimed at understanding how plastics move through marine food webs, and how trophic interactions mediate the transfer of plastics between prey and predators has recently been made (see review by Provencher et al., 2019). Foodweb bioaccumulation models for cetaceans for MPs have not yet been developed. Therefore, the aim of this study was to investigate the bioaccumulation potential of MPs and to what extent MPs biomagnify in the marine food webs. The MP bioaccumulation model was developed using a marine mammalian food web of the Northeastern Pacific (Canada’s Pacific marine region) to assess and predict the bioaccumulation potential and biomagnification capacity of MPs in the gastrointestinal tract (GI) as a function of uptake or ingestion and elimination in organisms. The conceptual model framework of the modeling components and mechanism are illustrated in Supplementary Figure S1.



MATERIALS AND METHODS


Theory

Primary producers (e.g., phytoplankton) can adsorb MPs which may be ingested along with phytoplankton by zooplankton, providing a potential pathway into the food web (Lusher, 2015). Conversely, MPs can also be ingested directly from water by zooplankton, as the key initial trophic link for the dietary uptake of MPs. Under this rationale, zooplankton was stated as the fundamental food source for many secondary consumers, representing the main exposure pathway for MPs to entering into the foodweb (Cole et al., 2013; Lusher, 2015; Botterell et al., 2019). Within this premise, the basic principle of the foodweb bioaccumulation model for MPs is based on the notion that the uptake of MPs in primary consumers such as zooplankton is predominantly a filter feeding process that can be described by a bioconcentration factor, BCF:
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where CB is the concentrations of MP (particles/organism or in units of mass as g/kg) in zooplankton and CW is the MP concentration (in particle/L or in g/L) in seawater. If CW is known from empirical field data, and BCF is a function of the differential balance from the first order rate constants (i.e., BCF = k1/k2, where k1 is the uptake rate of MP from the water (i.e., equivalent to the uptake rate of MP from water: kW), and k2 is the overall elimination rate of MP through egestion); then, CB can be calculated for zooplankton by solving equation (1):
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For secondary and tertiary consumers, the bioaccumulation process is more complex as MPs can be absorbed directly from the water via respiration (i.e., water respiring or gill ventilating organisms), and ingested via the diet and eliminated from marine organisms into fecal matter (see Koelmans et al., 2013a, b, 2014a, b; Koelmans, 2015; Diepens and Koelmans, 2018). These former models have been basically developed to assess the accumulation of plastic-associated chemicals, i.e., additives and absorbed toxic chemicals such as hydrophobic organic chemicals in food webs (Koelmans, 2015; Bakir et al., 2016; Diepens and Koelmans, 2018).

Here, on the other hand, the extent of the bioaccumulation model developed in this study differ from those published models as it is focused in the accumulation of the microplastic particles (i.e., MPs) as the toxic micropollutant of interest per se as a function of ingestion by the organisms and uptake and egestion by the GI track only; and, not by the systematic uptake and accumulation of MPs and hydrophobic organic substances (e.g., POPs) in the organism tissues. Henceforth, this novel concept is explicitly considered in the design and formulation of this model. Based on this rationale, these processes can be combined in a basic kinetic model for the bioaccumulation of MP in aquatic or marine biota, using a mass balance of uptake and loss rates, expressed by the following differential equation for water respiring organisms:
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For air respiring organisms, the differential equation is:
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where CB is the MP concentration in the organism (in particles/organisms or in g/kg); kW is the rate constant for MP uptake from water (particles/organism/d or g/kg/d); CW is the MP concentration (particles/L or g/L) in the water; kA is the rate constant for MP uptake from air (particles/organism/d or g/kg/d); CA is the MP concentration in the air (particles/L or g/L); CD is MP concentration in the diet of the organism (particle/organism or g/kg), which can also include sediment concentrations (CS) of MP (in particle/kg dry weight [dw] or g/kg dw) for detritophages; kD is the dietary uptake rate (kg/kg/d); kG is the growth dilution rate constant, and kE is the elimination rate constant (in units of d–1 = 1/d) of MP in organisms.

Contaminated sediments and diet are expected to be the major sources for trophic transfer of MP to the marine food-web with predominant transfer of MP both from sediments to benthic marine species to fish and other aquatic organisms and eventually to marine mammals and from zooplankton to upper trophic levels (predatory fish, marine mammals). For certain marine invertebrate species such as zooplankton, polychaetes, bivalves and benthic crustaceans, as well as for planktivorous fish, empirical values for retention times (residence time) based on egestion of particle of MPs following dietary exposure have been observed (Besseling et al., 2013; Cole et al., 2013; Farrell and Nelson, 2013; Setälä et al., 2014; Watts et al., 2014; Batel et al., 2016; Critchell and Hoogenboom, 2018; Dimitrijevic, 2018; see Supplementary Table S1), allowing the calculation of kE to be used in the model.

However, the uptake rate of MP from water (kW) and the rate of elimination through fecal excretion (kE) for most marine fish, as well as the air rate constant for MP uptake (kA) and concentration in the air (CA) for air breathing organisms (marine mammals) have been scarcely documented or unavailable (see reviews by Koelmans, 2015; Lusher, 2015). For marine mammals (i.e., humpback whales and resident killer whales), the data from a single study on dietary exposure and digestion rates in gray seals (Grellier and Hammond, 2006) was used to calculate kE (Supplementary Table S1). Although there is no data on the effects of the growth dilution rate (kG) on MP concentration in aquatic organisms, it was also included in the modeling work (for squid, kG was used as a proxy for kE due the absence of kE values for cephalopods). Thus, for the purpose of this modeling work, kW, kA, and CA were considered negligible.



Microplastic Retention Time (Residence Time) and kE Estimation

The residence time or lifetime (τ), based on studies of dietary exposure and egestion or defecation of MPs in some aquatic organisms (Supplementary Table S1), was used to directly estimate the half-life (t1/2) as t1/2 is approximately 70% of τ, as shown by the equations below:
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Then, the half-life is inversely related to τ (i.e., t1/2 = ln 2/kE = 0.6932 x [1/kE]), where kE represents the total elimination rate of MP (i.e., sum of all first order (or pseudo-first order) rate constants). Thus, solving for t1/2:
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Elimination of MPs through the passage of the GI tract or guts has been documented for some invertebrates. Cole et al. (2013) found that zooplankton can eliminate MPs within hours (e.g., ≤1 day) in the presence of phytoplankton or in 7 days in the absence of food. For zooplankton, a retention time of 1 day (i.e., kE = 1/d) was used in modeling as a conservative estimate, and 7 days (i.e., kE = 0.143/d), as a least conservative residence time, based on that experimental study. For marine benthic invertebrates, data from exposure experimental studies (i.e., microplastic egestion at a given time or/and residence time in the gut) were used to derive kE. While residential time of MPs in the GI tract of fish has been considered to be low (Güven et al., 2017), experimental studies have shown that the retention time can range from 6 h or 0.25 day in zebra fish (Danio rerio) (Batel et al., 2016) to 42 days in planktivorous fish (Acanthochromis polyacanthus) (Critchell and Hoogenboom, 2018), following the ingestion of MPs in feeding experiments. Based on the latter study, a kE of 0.024/d was assigned for planktivorus fish (anchovy, Pacific herring and Walleye pollock). For other fish species (e.g., shiner surfperch, dove sole, lingcod, halibut, sablefish, Pacific salmon), a plausible average retention time from these studies (Batel et al., 2016; Critchell and Hoogenboom, 2018) was used to derive kE (i.e., 0.047/d; Supplementary Table S1) given the lack of data on retention time for predatory and carnivorous fish.

For marine mammals, an elimination rate (kE) of 0.167/d (i.e., residence time ≈6 days) was derived from an exposure experimental study, in which the recovery of microbeads < 5 mm was observed in feces of captive gray seals (Halichoerus gryphus) at about 6 days following ingestion (Grellier and Hammond, 2006). This value was used as kE for the humpback and resident killer whales because gray seal are opportunistic feeders and mainly eat an extremely wide variety of fish (e.g., salmonids, pelagic fish, flatfish), crustaceans and cephalopods with regional and seasonal variations (Nilssen et al., 2019; Wilson and Hammond, 2019). In this context, it was uses as a proxy species with feeding habitats resembling those of humpback whale, which feed on zooplankton (krill) and pelagic forage fish (herring), and for fish-eating resident killer whale, which strongly rely on marine fish such as several species of Pacific salmon, halibut, sablefish, as well as squid, among other species.

The rationale to adopt this elimination rate is also postulated on the fact that MP abundance and retention is a function of the retention time in the monogastric stomach of pinnipeds or multi-chambered stomach of cetaceans, in both baleen whales (mysticetes) and toothed whales (odontocetes) rather than that in intestines. The cetacean multi-chambered stomach consisting of four compartments (i.e., a muscular forestomach or esophageal stomach, a main stomach or fundic chamber, the connecting channel and pyloric chamber or pylorous; see Horstmann, 2018) can serve as an entrapment compartment within the digestive tract, partially retaining the MPs, and explaining the delay in passage time and fecal elimination of MPs. In fact, the narrow opening of the connecting channel in close conjunction with the anatomical arrangement of the main stomach (resembling the omasum of ruminants to some degree) can function in food retention (Horstmann, 2018), making whales more susceptible to retain and accumulate MPs; and, thus vulnerable to plastic pollution in the oceans, particularly filter feeding mysticetes (Simmonds, 2012). In addition to fecal elimination, cetaceans, particularly odontocetes, are able to regurgitate foreign objects from the esophageal stomach (Mintzer et al., 2008; Levine et al., 2014).

In the light of this rationale to infer a plausible MP elimination rate value in these marine mammal species, based on the multiple-chamber anatomical configuration driving the passage/retention times of MPs throughout the GI tract in cetaceans, the application of a kE = 0.167/d is reasonable as a conservative value for the purpose of the modeling work.



MP Abiotic Data and Concentration Units

Microplastic data for abiotic compartments were available from empirical concentrations observed in water and sediments of Canada’s Pacific marine ecosystem, including offshore (west coast of Vancouver Island) and nearshore (Strait of Georgia in the Salish Sea) waters of British Columbia. Seawater concentrations of MPs (in particles/L) were available from Desforges et al. (2014) and Collicutt et al. (2019), while MP sediment concentration (in particles/kg dw) were obtained from Kazmiruk et al. (2018) and Collicutt et al. (2019) (see Supplementary Table S2). Information on the type and size of MP (e.g., microbeads, microfibers, and microfragments) found in those field studies is also reported in Supplementary Table S2.

As final units to quantify and for reporting the MP accumulation in marine organisms and projected concentrations from the foodweb bioaccumulation modeling, the MP concentration data (both predicted and observed) are mainly presented here as the mass (in g) of MP per mass of biota in kg (i.e., g/kg). Converting to units of mass is more appropriate than particles per individual (organism) as this conversion allows for comparisons among differently sized organisms and from different trophic levels.

The mass conversion for MPs was based on the three size classes of MPs (i.e., MP diameters in μm) observed in the Northeastern Pacific by Desforges et al. (2014) to estimate the volume of MP particles (as shown in Supplementary Table S3). Using this data, the mass was calculated as the product of the MP particle volume (VolumeMP) times the mean density (DensityMP) of 0.925 g/cm3, reported for most commonly found free-floating MPs, i.e., polypropylene (PP) and polyethylene (PE) (Van Cauwenberghe, 2015; Everaert et al., 2018), applying the calculation used by Everaert et al. (2018): MassMP = [DensityMP] × [VolumeMP]. Then, the calculated mean mass of MPs was used to convert the particle concentration units observed in sediment (particles/kg dw) and seawater (particles/L) to concentrations in mass units of g/kg dw and g/L, respectively (see Supplementary Table S3). Concentrations are also reported as (particles/kg) in biota, for comparison purposes.



Marine Foodweb Structure

The marine mammalian foodweb for the modeled ecosystem contains 24 species, including phytoplankton as a primary producer group, invertebrate species, including zooplankton, eight invertebrate species (i.e., two polychaete species, amphipod, Mysis shrimp, Crangon shrimp, Dungeness crab, blue mussel, Pacific oyster, squid), eleven fish species, and two marine mammal species (Supplementary Table S4). The diet composition matrix for these species basically represents the foodwebs of a filter feeding marine mammal (i.e., humpback whale) and an apex marine predators, the fish-eating or piscivorous resident killer whale (e.g., southern resident killer whale, SRKW). Sediment as a food source for some species groups is also included as basic input in the diet matrix (Supplementary Table S4). While several species are included in the foodweb bioaccumulation model, the modeling work is mainly focused on the foodwebs of the humpback whale (i.e., a short, filter feeding cetacean food web) and Chinook salmon-fish-eating resident killer whale (i.e., a larger, piscivorous-cetacean food web). The foodwebs for these marine mammal species were used as demonstrative foodwebs for the modeling work as data for representative species are available (Alava et al., 2012, 2018; Alava and Gobas, 2016).

The piscivorous-marine mammalian foodweb model is based on detailed studies that confirm that resident killer whales (O. orca) are fish-eating marine mammals with a strong preference for Chinook salmon (Oncorhynchus tshawytscha), the largest species of Pacific salmon (i.e., ≈50 kg) in the Pacific Northwest, accounting for >70% of the resident killer whales’ diet (Ford and Ellis, 2006; Ford et al., 2009b, 2010). Other fish species in the resident killer whales’ diet are halibut (H. stenolepis), sablefish (A. fimbria), lingcod (Ophiodon elongates) and several other species of Pacific salmon, including pink (Oncorhynchus gorbuscha), coho (O. kisutch), and chum (O. keta) salmon (Ford and Ellis, 2006; Ford et al., 2010). Chinook salmon spend the majority of their life in the open ocean (i.e., 5 years as oceanic adult stage), where they feed on forage fish such as Pacific herrings (Clupea pallasii) and squid (Gonatius) (Alava and Gobas, 2016).

The feeding preferences, diet and dietary uptake rates (kD) for the foodweb organisms were retrieved from previous modeling work (Alava et al., 2012, 2018; Alava and Gobas, 2016). For the humpback whale, the kD was calculated using data for diet composition (e.g., zooplankton and Pacific herring), feeding rate and population abundance in the Canadian Pacific, as reported elsewhere (Sigurjónsson and Víkingsson, 1997; Ford et al., 2009a; Fisheries and Oceans Canada, 2013). Briefly, based on the average weight of an adult humpback whale (i.e., ∼30,408 kg = 30,4 tons), the Canadian Pacific humpback whale population (2,145 animals; 95% CI: 1970–2331 individuals), and the annual consumption rate for the population (from 684,932 to 986,301 kg/day) inhabiting and foraging in the region, a plausible estimated average uptake rate of 0.013 (kg of prey/kg of individual humpback whale/day), ranging 0.011–0.014 (kg/kg/day), was yielded.



Foodweb Bioaccumulation Modeling Scenarios

To explore the bioaccumulation capacity of organisms and biomagnification in the foodweb, the model was run with the three scenarios using different MP concentration measured in abiotic compartments (seawater and sediments), as shown in Supplementary Table S2. Therefore, based on the documented data for the study region, three scenarios were modeled: (i) scenario 1: a low concentration scenario (i.e., water concentration = 0.66 particles/L; and sediment concentration = 60 particles/kg dw, which in units of mass are equivalent to 0.003 g/L and 0.266 g/kg dw, respectively); (ii) scenario 2: a moderate concentration scenario (i.e., water concentration = 2.08 particles/L; and sediment concentration = 200 particles/kg dw, equivalent to 0.010 g/L and 0.886 g/kg dw); and (iii) scenario 3: a high concentration scenario, i.e., water concentration = 9.18 particles/L; and sediment concentration = 25000 particles/kg dw, equivalent to 0.040 g/L and 111 g/kg dw (see Supplementary Table S2). The simulation time for the foodweb bioaccumulation model was run for different times series (e.g., 1–100 year) starting at 0 day with 5 days intervals (dt = 5).



Predator-Prey Biomagnification Factor (BMFTL)

To quantify biomagnification in predators (i.e., humpback whale, resident killer whale) relative to prey items (e.g., zooplankton, Pacific herring, Chinook salmon) and to investigate the effect of the magnitude of trophic level differences on the biomagnification index, the predator-prey biomagnification factor (BMF TL) was used for data interpretation in this modeling work. The criterion applied to indicate the capacity of MPs to biomagnify was a BMF TL > 1, while a BMFTL < 1 is an indication of lack of biomagnification capacity. If the BMF is statistically greater than 1, then it indicates that the MP is a probable bioaccumulative contaminant (Gobas et al., 2009). Following this approach, the concentration of MPs projected in selected predators was divided by predicted concentration in the prey. Thus, the model-based predator-prey biomagnification factor normalized to trophic position (i.e., BMFTROPHIC LEVEL: BMFTL) is calculated using the following equation (Borgå et al., 2004):
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Where CPREDATOR and CPREY are the MP concentrations in the predator and prey, expressed in units of mass (g per kg of predator) and the concentration in prey (g per kg of prey); and, TL PREDATOR and TLPREY are the trophic levels of the predator and prey. The BMFTL values were used to measure biomagnification in the cetaceans’ food chain between two adjacent trophic levels (i.e., the difference in TL between predator and prey is small), assuming steady state in MP concentrations between predator and prey.



Trophic Magnification Factor

To further assess the MP biomagnification potential in an entire foodweb, the trophic magnification factor (TMF), a biomagnification metric that is often used to express the biomagnification of pollutants in an entire food-web (Borgå et al., 2012; Conder et al., 2012; Walters et al., 2016), was determined for each foodweb model simulations (i.e., scenarios 1, 2, and 3 with kE = 0.143/d for zooplankton). The TMF was calculated as the antilog of the regression slope (i.e., TMF = 10b, where b is the slope) of the linear regression between the log transformed concentrations of MPs predicted in organisms of the foodweb and their trophic level (TL) (i.e., Log [MP] = a + bTL).

The TMF (slope, b) was statistically evaluated using a significance level (α) of 0.05. A TMF > 1 (b > 0) indicates that the contaminant biomagnifies in the foodweb. A TMF < 1 (b < 0) indicates trophic dilution of the contaminants, while a TMF = 1 (b = 0) indicates no change in contaminant concentrations among organisms of a food web (Borgå et al., 2012).



Sensitivity Analysis

The sensitivity analysis was framed by comparing the changes of the different outcomes of MP concentrations projected in the food web organisms resulting from the experimentation with abiotic concentration scenarios (Supplementary Table S2): (i) changes from low (scenario 1) to moderate (scenario 2) abiotic concentrations; and, (ii) changes from low (scenario 1) to high (scenario 3) concentrations abiotic concentrations.

To further assess the sensitivity of the bioaccumulation capacity, the model was tested by changing values in a key parameter, the elimination rate (kE), in zooplankton as the fundamental trophic level for bottom–up uptake of microplastics in the foodweb by using two values of kE, based on the study by Cole et al. (2013), in combination with two abiotic concentration scenarios in water and sediment (scenarios 1 and 2): (i) from kE = 1/d to kE = 0.143/d at low concentrations in water and sediment, as a conservative scenario (scenario 1); and, (ii) from kE = 1/d to kE = 0.143/d at moderate abiotic concentrations in water and sediment, as a least conservative scenario (scenario 2). These scenarios were run each one at 1 and 100 years.

The sensitivity analysis is aimed to assess the impact of variability and/or error in the model’s parameters (e.g., elimination rate constant, kE) on the model outcome (i.e., prediction or projections). The sensitivity analysis is useful in determining the effect that errors in model state parameters may have on the model outcome (Alava et al., 2012; Alava and Gobas, 2016; Alava et al., 2018). Sensitive parameters are parameters that have a relatively large impact on the model outcome, i.e., a small change in the value of the parameters (kE) produces a relatively large change in the model outcome. A less sensitive parameters is a parameter that causes a relatively small change in model outcome given the same change in the value of the parameters. The sensitivity analysis can therefore provide valuable insights into the selection of the parameters that need to be included in the analysis and the relative importance of important parameters of the model (Alava et al., 2012; Alava and Gobas, 2016; Alava et al., 2018). This is useful in the analysis of the internal mechanics of the model. It can be used to characterize potential errors in the model and to develop a better understanding of the model.



Model Bias Analysis

A model bias (MB) approach was applied to assess the performance of the foodweb model and corroborate the projections of MPs under the three abiotic concentrations’ scenarios. Despite the limited empirical data of MP concentrations in most of the organisms composing the food web, the performance of the model was analyzed in terms of the model bias ratio: MB = CBP,i MP/CBO, iMP; where CBP,i MP and CBO,i MP are the model calculated and observed MP concentrations in species I, respectively. This analysis was done by comparing the projected MP concentrations in wild juvenile Chinook salmon to the observed MP data reported for this species in coastal BC.

Thus, the MP mean concentration (i.e., mean ± SD: 1.2 ± 1.4 microplastics/individual) for wild Chinook salmon from the east coast of Vancouver Island reported by Collicutt et al. (2019) was used as empirical data. This concentration reported in MP/organism is equivalent to ∼0.890 g/kg (∼1.0 g/kg), using a MP mean mass of 0.00443 g (Supplementary Table S3), and a mean wet weight for juvenile Chinook salmon of 6.01 g (∼0.006 kg) documented in Collicutt et al. (2019). The MB ratio can indicate the model’s systematic over-prediction (MB > 1) or under-prediction (MB < 1) of the concentrations of a chemical contaminant in biota (Alava et al., 2012, 2018).

Microplastic data observed in zooplankton of the Northeastern Pacific exist and have been reported as encounter rates from ingestion, ranging 1 particle/34 copepods (i.e., 0.03 particle/copepod) to 1 particle/17 euphausiids, i.e., 0.06 particle/euphausiid (Desforges et al., 2015). While the conversion of particles (MPs) to unit of mass (g) is possible (i.e., 1.3 × 10–04 g/copepod; and 2.7 × 10–04 g/euphausiid) as aforementioned earlier, the uncertainty and variability in the mass or fresh body weight within copepod and euphausiid species challenge and preclude the application of the MB (in units of g/kg) to corroborate the outcomes of the model for zooplankton.




RESULTS AND DISCUSSION


Microplastic Bioaccumulation

The model projections for MP concentrations in marine organisms (g/kg) of the marine mammalian foodweb are shown as a function of exposure time for low, moderate and high MP concentration scenarios in Figure 1. The gradual and, subsequent rapid bioaccumulation in zooplankton, as the entry point for microplastics in the foodweb, was directly predicted from the uptake of MP concentration from the water as a function of BCF, where BCF = k1/k2, until reaching steady state at either relatively low (i.e., accumulation of 0.01 g/kg or 1.8 particles/kg), or moderate (i.e., 0.025 g/kg or ∼6.0 particles/kg), and high (i.e., up to 0.11 g/kg or 25 particles/kg) abiotic concentration scenarios (Figures 1A–C).
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FIGURE 1. Foodweb model simulations showing the projections of microplastics (MPs) bioaccumulation in organisms of the marine mammalian food web for the three abiotic concentration scenarios: (A) low concentration (scenario 1): seawater = [0.003 g/L] and sediment = [0.266 g/kg dw], based on the empirical data by Collicutt et al. (2019); (B) moderate concentration (scenario 2): seawater = [0.010 g/L]; and, sediment = [0.886 g/kg dw], based on the empirical data by Desforges et al. (2014) and Kazmiruk et al. (2018); and (C) high concentration (scenario 3): seawater = [0.04 g/L]; an, sediment = [111 g/kg dw], based on the empirical data by Desforges et al. (2014) and Kazmiruk et al. (2018). The simulations for the bioaccumulation include the elimination rates, and growth dilution for most organisms based on the literature reported elsewhere (see Supplementary Table S1). For zooplankton, as the key trophic level for the initial uptake of microplastics a kE = 0.143/d (i.e., retention time = 7 days) was used as a least conservative scenario, based on the study by Cole et al. (2013).


Bivalves exhibited MP concentrations of 0.05 g/kg (11 particles/kg) and 0.20 g/kg (36–38 particles/kg) under low (scenario 1) and moderate (scenario 2) abiotic concentrations at steady state, respectively (Figures 1A,B and Supplementary Figures S2A,B). While concentrations of MPs are lower in both blue mussels and Pacific oysters (>0.04g/kg or ∼1.0 particle/kg) under scenario 1 at 100 d, MP concentrations in these bivalves are the lowest at 5 days, i.e., 0.0002 g/kg or 0.2 mg/kg (0.05–0.1 particles/kg). For scenario 3 (high abiotic concentrations), the MP concentration in these bivalve species are much higher, reaching ∼20 g/kg (>4300 particles/kg) in the long-term (Figure 1C and Supplementary Figure S1C). In general, bivalves have been considered to be among the most susceptible invertebrate taxa to ingest significantly more MPs than any other suspension and filter feeders (Setälä et al., 2016). Conversely, the uptake and ingestion of MPs through filter-feeding in bivalves such as blue mussels is counterbalanced by rejection and elimination via pseudofaeces and feces, respectively (Dimitrijevic, 2018; Woods et al., 2018).

The projected bioaccumulation of MPs in other invertebrates, including detritivore polychaetes and squid is remarkably high in comparison to other benthic invertebrates such as filter and suspension feeders (bivalves: blue mussel, Pacific oyster; and crustaceans: amphipods, shrimps, and crabs), mid-trophic level planktivorous fish (Pacific herring, Northern anchovy, walleye Pollock) and even upper trophic level organisms such as predatory fish (e.g., lingcod, sablefish, halibut, Pacific salmon) and cetaceans (Figure 1 and Supplementary Figures S2, S3). Projected concentrations in benthic polychaetes at steady state ranged from >2 to 7 g/kg (377 to >1500 particles/kg) for scenario 1 and from 670 to 2860 g/kg for scenario 3 (Supplementary Figure S2). Within the initial simulation time (>5–10 days) in scenario 1, the concentrations in polychaetes, however, are the lowest ones, i.e., >0.1 g/kg (>16–30 particles/kg).

The predicted concentrations in polychaetes are a plausible outcome as these suspension and/or deposit feeders predominantly rely on sediments or detritus as a food source, being exposed to MP-contaminated sediment and accumulating considerable amounts of MPs (Besseling et al., 2013; Setälä et al., 2014; Lusher, 2015). In some cases, polychaetes can even function as sinks of MPs (Nel and Froneman, 2018). Likewise, some squid species (i.e., Humboldt squid, Dosidicus gigas) have been found to contain plastic pellets ingested either from the water column (sunken particles) or contaminated diet (Braid et al., 2012; Lusher, 2015), indicating the susceptibility to ingest MPs. It is still unclear the magnitude of MP accumulation and elimination in cephalopod species.

The projections for the bioaccumulation of MP at steady state in fish revealed that predicted concentrations ranged from 0.01 g/kg (2 particles/kg) in coho salmon (O. kisutch) to ∼1.0 g/kg (210 particles/kg) in dove sole (Microstomus pacificus) under scenario 1, while the concentrations in the same species under scenario 3 were of 4.0 g/kg (900 particles/kg) and 385 g/kg (86800 particles/kg), respectively (Figures 1A–C and Supplementary Figure S3). In demersal fish, for example, the MP concentration predicted in halibut (H. stenolepis) were of 0.04 g/kg (9 particles/kg) and 16 g/kg (∼3600 particles/kg), and in sablefish (A. fimbria) of 0.10 g/kg (22 particles/kg) and 39g/kg (∼8700 particles/kg) at scenarios 1 and 3, respectively. In zooplanktivorous fish such Pacific herring (C. pallasi) and Walleye Pollock (Theragra chalcogramma), the corresponding predicted MP concentration were of 0.07 g/kg (16 particles/kg) and 0.12 g/kg (27 particles/kg) at scenario 1; and of 26 g/kg (>5890 particles/kg) and 48 g/kg (>10900) under scenario 3 (Figures 1A–C and Supplementary Figure S3). These outcomes highlights varying dietary exposure and accumulation of MPs in fish as a function of species-specific uptake and elimination rates in the GI tract, as well as feeding habits (i.e., pelagic, zooplanktivorous fish versus demersal, bottom feeders and carnivorous fish).

Amongst predators, the model shows that cetaceans can potentially accumulate MPs through trophic transfer from prey. However, the level of bioaccumulation in the fish-eating killer whale is in general of comparable magnitude or, in a few cases, one order of magnitude lower compared to its main prey (Pacific salmon, mainly Chinook salmon) within 365 days of simulation in each scenario (Figures 2A–C). In the long-term, the magnitude of the accumulation appears to be consistently similar in both predator and prey until reaching steady state on every abiotic concentration scenario (Figures 1A–C). For instance, the killer whale can apparently accumulate 0.02 and 0.05 g/kg (4–12 particles/kg) from diet’s trophic transfer (0.035 and 0.11 g/kg equivalent to 8 and 26 particles/kg in Chinook salmon) at 365 days, assuming scenarios 1 and 2, respectively (Figures 2A,B). The maximum MP concentration in killer whales at 365 days is projected to be 6.0 g/kg (>1400 particles/kg) in scenario 3 (Figure 2C), but reaching up to 14.5 g/kg (>3200 particles/kg) at steady state (Figure 1C) due to the continued exposure to highly contaminated Chinook salmon, i.e., 14 g/kg (∼3000 particles/kg) to 30 g/kg (>6600 particles/kg), respectively.
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FIGURE 2. Foodweb model simulations showing the projections of microplastics (MPs) bioaccumulation in the cetaceans’ food webs (filter feeding humpback whale and fish-eating killer whale food webs) for the three abiotic concentration scenarios: (A) low concentration (scenario 1): seawater = [0.003 g/L]; and, sediment = [0.266 g/kg dw]; (B) moderate concentration (scenario 2): seawater = [0.010 g/L]; and, sediment = [0.886 g/kg dw]; and (C) high concentration (scenario 3): seawater = [0.04 g/L]; and, sediment = [111 g/kg dw]. The simulations for the bioaccumulation include the elimination rates, and growth dilution for most organisms based on the literature reported elsewhere (see Supplementary Table S1). For zooplankton, as the key trophic level for the initial uptake of microplastics a kE = 0.143/d (i.e., retention time = 7 days) was used as a least conservative scenario, based on the study by Cole et al. (2013).


Comparably, while the bioaccumulation potential of MPs in the humpback whale is similar or slightly over (0.01–0.03 g/kg or ∼2–6 particles/kg) to that projected in zooplankton (0.01–0.02 g/kg or ∼2–5 particles/kg), it is lower than the bioaccumulation predicted in Pacific herring (0.04–0.13 g/kg or 9 to ∼30 particle/kg) near to 1 year of simulation under scenario 1 and scenario 2, respectively (Figures 2A,B). In scenario 3, the bioaccumulation of MPs in humpback whale is one order of magnitude higher than that of zooplankton (i.e., 3 g/kg or 646 particles/kg versus 0.11g/kg or 24 particles/kg, respectively), but still one order of magnitude lower than the bioaccumulation projected in herring, i.e., 13 g/kg (∼3000 particles/kg) (Figure 2C). This scenario outcome can be explained to the high exposure to MP seawater concentration for zooplankton in tandem with the high dietary uptake and a slow elimination rate in the baleen whale relative to herring.

The foodweb model outcomes indicate that the accumulation of MPs is also fundamentally driven by the empirical concentration of MPs measured in seawater and sediments (input data) in the studied region (see also sensitivity analysis subsection). Thus, in the model, changes in concentrations were tested as a preliminary sensitivity analysis in these abiotic compartments, from low (scenario 1) to moderate (scenario 2) abiotic concentrations of MPs. The changes showed an increase in average concentration of 70% in all organisms of the food web, ranging from 67% in zooplankton to 70% in killer what either 1 or 100 years of simulation (Supplementary Figures S4A, S5A). Considering the plausible changes from low (scenario 1) to high (scenario 3) MP concentrations, the increase in concentration in marine biota is close to 100%, except for zooplankton, showing an average increase of 93% (Supplementary Figures S3B, S4B). These scenarios demonstrate that the response of the exposed organisms of the foodweb model is very sensitive to MP concentration changes in abiotic matrices, highlighting the role of water and sediment as sources for MP uptake and trophic transfer to the food web.

Foodweb bioaccumulation models for bioaccumulative pollutants such as polychlorinated biphenyls (PCBs) and radiocesium (137δCs) have also demonstrated the influence of and sensitivity to abiotic concentrations in seawater and sediments, as environmental compartments (e.g., sources and sinks) driving critical changes in the bioaccumulation behavior of these contaminants in cetaceans’ foodwebs (Alava et al., 2012; Alava and Gobas, 2016).



Microplastic Biomagnification Factors in Top Predators

The model projected various levels of biomagnification factors for MPs in the food web, with variable sensitivities among predator-prey relationships. While the projected biomagnification potential for the top predator (e.g., BMFTL = fish-eating resident killer whale/Chinook salmon) appears to be lacking (BMFTL < 1) over time regardless of the concentration scenarios and zooplankton elimination rates tested, minor magnification (BMFTL, ranging 1.10–1.12) does occur at one time step, i.e., at 10 days (Figure 3). Comparably, the BMFTL for the humpback whale/Pacific herring relationship, basically remains unaffected (BMFTL < 1) at scenarios 1 and 3 with either low or high elimination rates in zooplankton (Figures 3A–D). In contrast, important changes are predicted for the BMFTL of the Humpback whale/zooplankton and herring/zooplankton relationships, both with BMFTL > 1 in scenarios 1 and 3. For these predator-prey relationships, scenario 3 exhibited BMFTL one to two orders of magnitude higher (Figures 3B,C) compared to the scenario 1, respectively (Figure 3A). A fast elimination rate in zooplankton (kE = 1.0/d) augmented the BMFTL in scenario 3 (Figure 3C) by three orders of magnitude in the Pacific herring/zooplankton relationship relative to the scenario 1 with a slow kE (0.143/d). The projections of the BMFTL in adjacent trophic levels from the short filter-feeding foodweb (i.e., zooplankton –Pacific herring; and, zooplankton –humpback whale) indicates the rapid response and sensitivity by these predator-prey relationships to high changes in water concentration.
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FIGURE 3. Predator-prey biomagnification factor adjusted to the difference of trophic levels (BMFTL) and testing elimination rates based on the study by Cole et al. (2013): (A) BMFTL simulation with a low elimination rate of kE = 0.143/d at low concentrations in seawater and sediment (scenario 1: 0.003 g/L; and 0.266 g/kg dw, respectively) as a conservative scenario; (B) BMFTL simulation with a high elimination rate of kE = 1/d at low scenario 1 as a least conservative scenario; (C) BMFTL simulation with a kE = 0.143/d at high concentrations in water and sediment (scenario 3: 0.04 g/L; and 111 g/kg dw, respectively) as a conservative scenario; and (D) BMFTL simulation with a kE = 1/d at scenario 3, as a least conservative scenario (scenario 2). Dashed line represents equal partitioning or distribution of MP concentrations (BMFTL = 1) between predator and prey.


The ambiguity on BMF values in the model projection is likely to be driven by the relative bioaccumulation of MPs in the top predator as a function of the gradual net accumulation, resulting from the intake rate of contaminated prey and low elimination rates (i.e., high retention/residence time of MPs in GI tract). This accumulation process is followed by constant elimination of MPs (i.e., low retention time) from the predator against the high bioaccumulation in the prey, exhibiting simultaneous slow elimination (see BMFTL for humpback whale/Pacific herring and resident killer whale/Chinook salmon relationships in Figures 3A–C).



Trophic Magnification Factor Assessment

The projected changes in concentrations of MP in the marine mammalian foodweb as a function of trophic level (TL) are illustrated in Figures 4, 5 under low and high abiotic concentrations (i.e., scenarios 1 and 3), respectively. Projections under scenario 2 (moderate abiotic concentrations) are shown in Supplementary Figure S5. Trophic magnification factors (TMFs) and regression data for selected simulation time periods for each scenario are shown in Tables 1, 2. Both lack of apparent trophic biomagnification (TMF = 1) and trophic dilution (TMF < 1) are predicted during the simulation time from 5 to 36500 days (Figures 4, 5, Supplementary Figure S6, and Tables 1, 2). Negative significant relationships (i.e., trophic dilution) are predicted from 10 to 60 days under scenarios 1 and 2 (TMF < 1, p < 0.05; Figures 4B–D, Supplementary Figure S6, and Table 1). Trophic dilution (TMF < 1, p < 0.05) is also predicted under scenario 3 at 10 and 15 days (Figure 5B and Table 1). The TMF projections at scenario 2 (Supplementary Figure S6) exhibited similar linear regression trends to those predicted under scenario 1 (Tables 1, 2).
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FIGURE 4. Projections of the apparent trophic magnification factor (TMF) as a function of predicted concentration of microplastics (MPs) versus trophic level (TL) in the cetaceans’ food web of the Northeastern Pacific for simulations under a scenario of low abiotic concentrations (scenario 1: seawater = [0.003 particles/L]; and sediment = [0.266 g/kg dw] at: (A) 5 days (lack of significant relationship); (B) 10 days (regression line indicates a strong negative, significant relationship); (C) 25 days (regression line indicates a moderate and negative, significant relationship); (D) 50 days (regression line indicates a weak and negative, significant relationship); (E) 100 days (lack of significant relationship); (F) 365 days or 1 year (lack of significant relationship); (G) 3650 days or 10 year (lack of significant relationship); and (H) 36500 days or 100 year (the dotted line indicates the slope direction and a negative positive trend, but lack of a significant relationship). For zooplankton, as the key trophic level for the initial uptake of MPs, a kE = 0.143/d (i.e., retention time = 7 days) was used.
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FIGURE 5. Projections of the apparent trophic magnification factor (TMF) as a function of predicted concentration of microplastics (MPs) versus trophic levels (TL) in the cetaceans’ food web of the Northeastern Pacific for simulations under a scenario of high abiotic concentrations (scenario 3: seawater = [0.04 g/L]; and, sediment = [111 g/kg dw] at: (A) 5 days (the regression shows lack of significant relationship); (B) 10 days (regression line indicates a negative, significant relationship); (C) 25 days (dotted line indicates a negative trend but not a significant relationship; (D) 50 days (dotted line indicates a negative trend, but lack of significant relationship); (E) 100 days (dotted line indicates a negative trend, but lack of significant relationship); (F) 365 days or 1 year (lack of significant relationship); (G) 3650 days or 10 years (lack of significant relationship); and (H) 36500 days or 100 year (lack of significant relationship). For zooplankton, as the key trophic level for the initial uptake of MPs, a kE = 0.143/d (i.e., retention time = 7 days) was used.



TABLE 1. Apparent trophic magnification factors (TMF) and regression statistics for the linear regression models of the log of microplastic (MP) concentrations versus trophic level, representing the conditions under low (scenario 1: seawater [0.003 g/L] and sediment [0.266 g/kg dw]), moderate (scenario 2: seawater [0.010 g/L], and sediment [0.886 g/kg dw]) and high (scenario 3: seawater [0.040 g/L] and sediment [111 g/kg dw]) concentrations scenarios (see Supplementary Table S2) from 5 to 70 days of simulation time, with a zooplankton elimination rate (kE) of 0.143/d.
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TABLE 2. Apparent trophic magnification factors (TMF) and regression statistics for the linear regression models of the log of microplastic (MP) concentrations versus trophic level, representing the conditions under low (scenario 1: seawater [0.003 g/L] and sediment [0.266 g/kg dw]), moderate (scenario 2: seawater [0.010 g/L], and sediment [0.886 g/kg dw]) and high (scenario 3: seawater [0.040 g/L] and sediment [111 g/kg dw]) concentrations scenarios (see Supplementary Table S2) from 75 to 36500 days of simulation time, with a zooplankton elimination rate (kE) of 0.143/d.

[image: Table 2]When investigating the prediction of TMF in a short or simplified cetacean foodweb influenced with low or high abiotic concentrations, no significant negative relationship (Figure 6A) or lack of relationship are projected at 100 days (Figure 6B) and 10 days (Figure 6E) at scenarios 1 and 3, respectively. In contrast, no significant positive relationships (TMF = 1, p > 0.05), as an indication of hypothetical capacity of trophic magnification, are predicted around 365 or 3650 days (Figures 6C,D) at scenario 1, and at 100, 365, 3650 days under scenario 3 (Figures 6F–H), respectively. Although the slope (b) appear to be greater than zero (i.e., b > 0) in some of these relationships, the small set of selected paired data points in the regression biased the relationship resulting in lack of statistical significance (TMF = 1).
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FIGURE 6. Projections of predicted concentration of microplastics (MPs) versus trophic levels (TL) in a simplified cetacean food web of the Northeastern Pacific for simulations under low (scenario 1) and higher (scenario 3) abiotic concentrations. Scenario 1 (i.e., seawater = [0.003 g/L]; and, sediment = [0.266 g/kg dw]) at (A) 10 d (no significant, negative relationship); (B) 100 d (lack of relationship); (C) 365 days (no significant, positive trend), and (D) 3650 days (no significant, positive trend). Scenario 3 (i.e., water = [0.040 g/L]; and, sediment = [111 g/kg dw]) at (E) 10 days (lack of relationship); (F) 100 days (no significant, positive relationship); (G) 365 days (no significant, positive relationship); and (H) 3650 days (no significant, positive relationship). The dotted lines indicate the direction of the slope showing the negative (A) and positive (C,D, and from F–H) trends.


While the TMF simulations illustrate in general lack of trophic magnification in the food web, plausible evidence of minor magnification of MP is likely to be expected to occur in specific food-webs over longer time periods for top predator (e.g., cetaceans) with long life spans that are constantly or recurrently exposed to contaminated prey (Moore et al., 2020).

Although the MP bioaccumulation over time is species-specific within the food wed (Figures 1, 2), the apparent biomagnification also appears to be specific for a given predator-prey relationship (Figure 3). The potential magnification process also seems to be foodweb-specific when comparing a short foodweb (filter feeding humpback whale foodweb; Figure 6) versus a more complex food web (fish-eating killer whale foodweb); and, in some cases, it is independent of the trophic level (Figures 4A,E–H, 5D–H).

The capacity of organic contaminants and micropollutants to biomagnify is recognized as a significant risk criterion in the eco-toxicological risk and health impact assessments of persistent, bioaccumulative and toxic substances (UNEP, 2001). The food-web magnification of MPs contests against the trophic dilution process and elimination rate (residence time) that occurs when MPs enter the foodweb. The intermixed effect of MP trophic dilution and ecological magnification determines the risks that MPs poses to marine fauna and humans.

The application of the TMF is becoming a new practical approach for simulations involving food web bioaccumulation modeling (Alava and Gobas, 2016; Alava et al., 2018). In light of the results, the TMF patterns predicted here for MPs serve as an additional bioaccumulation metric to investigate the magnitude of biomagnification potential and its impact in food webs. The highest TMFs are generally found for organic contaminants that are slowly metabolized or eliminated by animals, i.e., metabolic rate (kM) < 0.01/d (Walters et al., 2016). TMFs of organic contaminants are more variable in marine food webs in comparison to those from freshwaters, with the highest values found in long food webs, including endotherms and containing multiple predators (Borgå et al., 2012; Walters et al., 2016; Alava et al., 2018).



Sensitivity Analysis

The sensitivity of the model was mainly assessed by testing changes in the elimination rate in zooplankton, as the fundamental entry point for uptake and bioaccumulation of MPs at the bottom of the food wed. This was conducted by comparing the outcomes of the model at a high elimination rate in zooplankton (kE = 1/d) versus a low elimination rate (kE = 0.143/d) and running the model with empirical abiotic concentrations of MP observed in water and sediment (i.e., scenario 1: low concentration as conservative scenario; and, scenario 2: moderate concentration as the least conservative scenario; Supplementary Tables S4, S5). Under scenario 1 or scenario 2, the average ± SD percentage of MP concentration in zooplankton increased by 75% ± 17% over a simulation time of 1 year (Figure 7A). The equivalent average increase (85 ± 2.0%) in MP concentration in zooplankton subject to changes in the elimination rates is also predicted under either scenario 1 or scenario 2 at 100 year (Figure 7B).
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FIGURE 7. Outcomes of the sensitivity analysis showing the response of the food web to changes in the elimination rate of zooplankton at 1 and 100 years. (A) scenario 1: from kE = 1/d to kE = 0.143/d with low concentrations in water and sediment (0.003 g/L and 0.266 g/kg dw, respectively) at 1 year, as a conservative scenario; scenario 2: from kE = 1/d to kE = 0.143/d with moderate concentrations in water and sediment (0.010 g/L and 0.886 g/kg dw) at 1 year, as a least conservative scenario (scenario 1); and (B) scenario 1: from kE = 1/d– to kE = 0.143/d at low concentrations in water and sediment (same as above) at 100 years, as a conservative scenario; scenario 2: from kE = 1/d to kE = 0.143/d with moderate concentrations in water and sediment (same as above) at 100 years, as a least conservative scenario.


Other proportional changes of lesser or intermediate extent are also projected in low trophic level marine invertebrates (i.e., polychaetes; bivalves such as blue mussel and Pacific oyster; crustaceans such as Dungeness crab, shrimps and amphipods) and planktivorous fish (i.e., Pacific herring, anchovy and walleye pollock) in response to shifts in the elimination rates of zooplankton. The average change of MP concentrations in biota under scenarios 1 or 2 ranged from 0.1 or ∼1.5% in polychaetes to >4.0% in Mysis shrimp, and from 7.0% in pollock and up to 15–16% in herring at 1 year (Figure 7A and Supplementary Tables S4, S5). The changes at 100 years ranged from 0.13 to 3% in polychaetes, and 10% in Mysis shrimp; and from 8–9% in herring to 11–12% in anchovy (Figure 7B), exhibiting relatively higher changes in MP concentrations in these organisms when compared to the simulations at 1 year, except for herring.

While the changes in concentrations in other low and mid-trophic levels are in general lower (e.g., 0.5% to >2%), chum and coho salmon, and squid exhibited increases of ∼4%, >6, and >7%, respectively (at scenarios 1 and 2 at 1 year; Figure 7A and Supplementary Tables S4, S5). Relative lower concentration changes are also projected in these organisms at 100 year of simulation, as seen in Supplementary Figure S5B. The incremental changes in the humpback whale were of 16 or 17% at 1 year and ∼9–10% by 100 year, indicating that herring feeding on zooplankton with low or high elimination rate is a biological driver in the MP concentration in humpback whale. As for Chinook salmon and killer whale, the changes in MP concentrations were basically minor, i.e., of ∼3% and >2–3.6% for all scenarios, respectively (Figures 7A,B).

Further sensitivity analysis and experimentation on the BMFTL shows, for example, that under scenario 1, the BMFTL in the humpback whale/Pacific herring relationship slightly increases from 0.8 to ∼1.0 as the proportion of herring in the diet of the humpback whale also increases (i.e., from 90 to 100%). On the contrary, an important decrease in the BMFTL (from 0.8 to 0.1) was predicted if the proportion of herring changes in the humpback whale’s diet from 90 to 0.0%, i.e., only comprising of 100% zooplankton (Supplementary Figures S7A–C). At high abiotic concentrations (scenario 3), the BMFTL also increased to ∼1, if herring increases in the diet to 100%, but decreasing to 0.004 when the proportion of herring in the humpback whale’s diet is 0% (Supplementary Figures S7D,E). The BMFTL of upper trophic level organisms (fish-eating killer whale/Chinook salmon relationship) was unaffected (i.e., BMFTL = 0.5) by changes in the humpback whale’s diet (see Supplementary Figures S7A–F).

Overall, the sensitivity analysis illustrates that the changes in the elimination rate (i.e., retention time from 1 to 7 days) in zooplankton are mainly propagated from filter and suspension feeding invertebrates through zooplanktivorous fish up to humpback whale, directly up taking or ingesting herring and zooplankton, but with little impact in high trophic level organisms such as predatory Chinook salmon and fish-eating killer whale.

Although little is known about the extent to which trophic transfer and elimination of microplastics occurs in free-ranging marine mammals in natural conditions, the presence of microplastics along with fish bones, otoliths and squid beaks has been observed in seal scats and the intestines of both cetaceans and seals (Eriksson and Burton, 2003; Lusher et al., 2015; Nelms et al., 2018). For instance, microplastics observed in scats of captive gray seals (H. grypus) has been attributed to trophic transfer from the wild-caught mackerel (Scomber scombrus) they were fed upon (Nelms et al., 2018). Feeding experiments examining the passage time of prey in gray seals found the majority of fish otoliths were passed within 4 days (88 h) of consumption and all polystyrene balls (3 mm) fed to the animals were recovered within 5–6 days after consumption during exposure experiments (Grellier and Hammond, 2006). This experiment demonstrated that, although microplastics have a slower and long passage time (i.e., high retention time), they are eliminated in the feces (Grellier and Hammond, 2006). Moreover, the stomachs of stranded cetaceans from the British coast were found to contain a higher number of MP particles relative to that observed in the intestines, highlighting the role of the stomach as a potential entrapment chamber for temporary retention of these micropollutants (Nelms et al., 2019), which is likely to predominantly occur in the digestive segment linking the main stomach and the connecting channels, where MPs can be trapped (e.g., moderate to high retention time).

In this context, retention time and elimination rates in these trophic levels play a crucial role in the accumulation of microplastics and more research should be invested to elucidate this parameter to improve future modeling work.



Model Bias

Comparing the projected concentration of MPs in Chinook salmon to observed data in wild juvenile Chinook salmon (i.e., 0.89 ± 1.0 g/kg, derived from 1.2 ± 1.4 particles/individual; Collicutt et al., 2019), the outcomes of the MB ratio analysis reveal systematic under prediction (MB < 1), with a MB ranging 0.0–0.1 and 0.0–0.3 at low (scenario 1) and moderate (scenario 2) abiotic concentrations throughout the simulation, respectively (Figure 8). In scenario 3 (high concentrations), the MB ranged from 0.0 to 33.3 over the simulation time, with MB = 1.0 at 35–50 days of simulation, indicating that observed concentrations in Chinook salmon are reproduced fairly well by model’s predicted data in this predatory fish at those time steps (Figure 8). Systematic overprediction with on order of magnitude higher (MB > 10) is generated beyond 200 days because of the continued exposure of prey to high abiotic concentrations of MPs (Figure 8).


[image: image]

FIGURE 8. Assessment of the model bias (MB = CBP,i MP/CBO, iMP; where CBP,i MP and CBO,i MP are the model predicted and observed MP concentrations in Chinook salmon, respectively) and performance of the model by comparing the simulations of MP concentrations projected in Chinook salmon from 0 to >365 days under three abiotic concentrations scenarios (i.e., scenario 1: low concentration; scenario 2: moderate concentration; and, scenario 3: high concentration; see Supplementary Table S1) to the empirical field data (mean ± SD = 1.2 ± 1.4 particles/individual or 0.89 ± 1.0 g/kg) of MP concentration observed in wild juvenile Chinook salmon (Collicutt et al., 2019). The red dashed line represents equal concentration of MPs (MB = 1) between predicted and observed concentration data.


If the estimated age of the juvenile Chinook salmon reported in Collicutt et al. (2019) is about 90–120 days (average: 105 days), with an average growth rate of 0.55 mm/d (based on life history data for Chinook salmon from eastern Vancouver Island, as reported in Healey, 1991; J. Rosenfeld, Conservation Science Section, Province of British Columbia, Canada, personl communication); then, the predicted data from 90 to 120 days under scenarios 1 (MB ∼ 0.01) and 2 (MB = 0.03 to 0.04) are below the observed data (MB < 1), while in scenario 3 the projections are fairly above the empirical data with a MB of 3.6 (MB = 3.2 g/kg/0.89 g/kg) at 90 days and MB of 5.3 (MB = 4.7 g/kg/0.89 g/kg) at 120 days, respectively. Predicted MP concentrations are relatively similar (MB ≈ 1) or equal (MB = 1) to the observed data at 30 to 60 days of simulations. This indicates small to moderate underprediction and overprediction assuming that the putative ages estimated here are within the observed ranges of juvenile Chinook salmon.

Moreover, an estimated ingestion of 2–7 microplastic particles/d (equivalent to 0.01–0.03 g/d) by individual juvenile salmon in coastal British Columbia was reported by Desforges et al. (2015). This daily consumption rate roughly indicates a cumulative ingestion of MPs ranging from ∼1 to 2.7 g at 90 days and from 1.2 to 3.6 g at 120 days. For a juvenile Chinook salmon with a mean weight of 6 g (i.e., 0.006 kg), the estimated MP concentration, based on the daily ingestion of MPs (0.01–0.03 g/d), is in the order of 1.7–5 g/kg, fairly matching the predicted concentrations projected from 55 to 125 days under scenario 3, i.e., MB of 1.6–5.6 (Figure 8).



Implications for Microplastic Exposure, Biomagnification and Toxicity

Microplastics are highly bioavailable to marine filter-feeding megafauna and top predators either through direct ingestion, or indirectly by trophic transfer from contaminated prey (Fossi et al., 2012; Besseling et al., 2015; Lusher, 2015; Fossi et al., 2016; Germanov et al., 2018; Lusher et al., 2018; Nelms et al., 2018). At this level, one of the limitations and uncertainties on MP biomagnification, which is not directly captured by this modeling work, is as to whether MPs (i.e., depending on the size and shape) are absorbed at all through the GI tract into the body of the organism, potentially influencing their bioaccumulation and biomagnification in organisms.

However, it has been suggested that MPs have a low potential for biomagnification in fish (Jovanović, 2017) because no relationship between ingested microplastics quantity and trophic level of the fish species has been found; thus, the trophic level of the species may have little influence on the ingested quantity of MPs (Güven et al., 2017; Jovanović, 2017).

A study shows that the occurrence of MPs in the gastrointestinal tract of fish is ephemeral, with low accumulation potential in the gastrointestinal tract, although translocation to the liver may occur (Güven et al., 2017).

Likewise, the trophic transfer of MPs under a low exposure scenario and less extreme conditions along a short marine food chain, including a prey (brown mussel Perna perna) and two predators (i.e., ornate blue crab, Callinectes ornatus, and the puffer fish, Sphoeroides greeleyi), showed that the transferring of MPs occurred from prey to predators but without evidences of particle persistence in their tissues after 10 days of exposure (Santana et al., 2017). This experimental assessment suggested a reduced likelihood of trophic cascading of particles and a reduced risk of direct impacts of microplastics on higher trophic levels (Santana et al., 2017). Contrasting to this finding, there has been postulated that the total load of micro- and nanoplastics that has been found and will pass through the gastrointestinal tract of a fish in its lifetime is likely high and will keep increasing in the future (Lusher, 2015; Jovanović, 2017).

The foodweb bioaccumulation model projected that microplastics can readily accumulate in planktivorous, demersal and pelagic predatory fish as a function of the uptake and elimination rate. The model bias (MB) exercise applied to the case of Chinook salmon corroborates in part these findings.

Foodweb modeling work and field studies documenting the presence of MPs in cetaceans are very scarce. Lusher et al. (2018) reported that the digestive tracts of 21 specimens of cetaceans were found to contain a total of 598 small debris items. As it stands, the recent discovery of MPs in the digestive tracts of cetaceans is relatively low with 8 species examined from Ireland and the Netherlands (Besseling et al., 2015; Lusher et al., 2015, 2018) and 10 species from the United Kingdom coast, where the number of particles per individual was low, averaging 5.5 MPs/animal, and suggesting that these particles were transitory in the digestive tract (Nelms et al., 2019). MPs have also recently been observed in the GI tract (i.e., 88 particles) of a deep diving, oceanic cetacean species (True’s beaked whale, Mesoplodon mirus) stranded on the coast of Ireland (Lusher et al., 2015), as well as in East Asian finless porpoises (Neophocaena asiaeorientalis sunameri) from China, i.e., mean ± SD = 19 ± 7.2 MPs/individual (Xiong et al., 2018), in common dolphins (Delphinus delphis) from Spain, i.e., 12 ± 8.0 MPs/individual (Hernandez-Gonzalez et al., 2018) and in belugas (Delphinapterus leucas) from the eastern Beaufort Sea (Arctic), exhibiting 11.6 particles/animal (Moore et al., 2020).

Recent research revealed that fin whales (Balaenoptera physalus) from the Mediterranean Sea are exposed to microplastics due to direct ingestion and consumption of contaminated prey (Fossi et al., 2016). Field studies and foodweb modeling to further investigate the bioaccumulation and biomagnification capacity of microplastics through direct and indirect ingestion of contaminated sediments and benthic macroinvertebrates by particular marine mammal species with suction feeding and bottom foraging strategies (e.g., walruses, Odobenus rosmarus, and gray whales, Eschrichtius robustus) are urgently needed.

While this modeling work did not account for transferring of hydrophobic organic contaminants in the food web, as a limitation of the model, it is unclear as to what extent MPs serve as physical vectors for transporting organic contaminants from the marine or aquatic environment into the tissues of marine biota (Koelmans, 2015). Additional foodweb bioaccumulation modeling work should take into consideration the transfer of organic contaminants as potential tracers of microplastic, but this research has already been developed and published in great details (see Koelmans et al., 2013a, b, 2014a, b; Koelmans, 2015; Bakir et al., 2016; Diepens and Koelmans, 2018), demonstrating the low capacity of microplastics to transfer high concentrations of organic contaminants in biota relative to that mainly ingested and absorbed via dietary exposure. The transfer of organic contaminants from MP to aquatic biota appears to be low or less relevant (Koelmans et al., 2014a; Koelmans, 2015; Bakir et al., 2016; Lohmann, 2017), which is driven by the contaminant concentration gradients found in the organisms versus that in the ingested microplastics (Teuten et al., 2009; Gouin et al., 2011; Koelmans et al., 2013a, b; Koelmans et al., 2014a). However, it has been inferred that phthalates could act as a tracer for MP ingestion by fin whales (B. physalus) because high concentrations of these plasticizers were detected in areas that corresponded with the spatial distribution of the whales in the Mediterranean Sea (Fossi et al., 2012; Fossi et al., 2016). Moreover, a zooplankton species (the euphausiid, Meganyctiphanes norvegica), which is the predominant diet item of Mediterranean fin whales, has been found to exhibit high levels of a phthalate metabolite, i.e., mono-(2-ethylhexyl) phthalate (MEPH), resulting from the biotransformation of the ubiquitous Di-(2-ethylhexyl) phthalate (DEHP), with concentrations ranging from 8.87 ng/g to 21.79 ng/g. This finding highlighted the presence of plastic additives in the main prey species of fin whales and dietary route of exposure for this cetacean (Fossi et al., 2016). The detection of MEPH in M. norvegica was most likely linked to the exposure to phthalate-contaminated water and food (phytoplankton), and direct consumption of microplastics (Fossi et al., 2016).

Regardless of whether these micropollutants can significantly transfer organic contaminants to biota, MP ingestion, depending on the size and shapes (e.g., spheres, pellets, fragments, and fibers), can cause physical stress, injury, adverse physiological and biological effects, reduced feeding activity, and weight loss caused by blockage of the GIT or decreased overall food quality (Lusher, 2015; Jemec et al., 2016; Chen et al., 2018; Green et al., 2019; Qiao et al., 2019). Although the size and shape of MPs were not realistically captured in this foodweb bioaccumulation modeling, the size and types (i.e., microbeads, fragments, fibers, filaments) of the MP particles entered as input data in the model, based on the observed data and concentrations in abiotic matrices (water and sediments) from the assessed region of the marine food web (i.e., Northeastern Pacific), are explicitly described in the Supplementary Table S2 (i.e., ranging from < 0.63 μm in sediments to 65–5000 μm in length and 10–20 μm in diameter in water and sediments). Thus, these particle dimensions and types (as a proxy of shape) were plausible assumed to be the class of MPs used in the abiotic exposure for the current foodweb modeling work and deemed to be bioaccumulated. However, concerted knowledge on the shape of the particle prone to be bioaccumulated or biomagnified is still unknown and due to the uncertainty on the MP shape absorbed through the GI tract in fish and marine mammals, the real particle shape as a modeling gap was not explicitly addressed here.

In conclusion, the response of the foodweb organisms to the abiotic exposure to MPs was in general projected by a plausible bioaccumulation potential of these micropollutants. Conversely, contrasting to the high biomagnification capacity of POPs in marine foodwebs, mainly in top predators, the trophic magnification of MPs in the foodweb of filter-feeding and fish-eating cetaceans is lacking or appears to be very low. The findings of the model developed here can be applied under the precautionary approach to predict microplastic bioaccumulation. As a practical tool, the application of the model can provide baseline information and scenarios to support risk management, and control strategies by authorities and municipalities to reduce and mitigate sources of MP pollution in the ocean. Since food safety is of paramount for public health, the application of this model can also help to assess and address possible negative impacts and health risks in marine biota and coastal communities relying heavily on lower trophic level marine species part of their traditional seafoods.
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Simulation Scenario 1 Scenario 2 Scenario 3
time

(days)
r2 r Slope ()) TMF  p-value Outcome r2 r Slope (b)) TMF  p-value Outcome r? r slope(p) TMF  p-value Outcome
{5} 0.11 —-0.34 —-0.2906 0.51 0.115 NS 0.1 —-0.33 -0.2803 0.562 0.129 NS 0.01 0.08 0.0797 1.20 0.719 NS
(TMF = 1) (TMF = 1) (TMF = 1)
10 0.35 -0.59 -0.8120 0.15 0.0032*  Trophic 0.34 —-0.58  —0.8091 0.16 0.0035*  Trophic 0.19 -0.43 —-0.7066 0.20 0.0401*  Trophic
dilution dilution dilution
(TMF < 1) (TMF < 1) (TMF < 1)
15 0.31 -0.55 —0.6710 0.21 0.0061*  Trophic 0.30 -0.55 —-0.6679 0.21 0.0066*  Trophic 0.7 —-0.42 —-0.5534 0.28 0.0480*  Trophic
dilution dilution dilution
(TMF < 1) (TMF < 1) (TMF < 1)
20 0.28 —-0.53 —0.5970 0.25 0.0097*  Trophic 0:27 —-0.52 —-0.5939 0.25 0.0105*  Trophic 0.15 —-0.38 —-0.4789 0.33 0.072 NS
dilution dilution (TMF = 1)
(TMF < 1) (TMF < 1)
25 0.26 —0.51 —0.5484 0.28 0.0138*  Trophic 0:25 —0.50 —0.5453 0.28 0.0147*  Trophic 0.13 —-0.36 —0.4304 0.37 0.096 NS
dilution dilution (TMF = 1)
(TMF < 1) (TMF < 1)
30 0.24 -0.49 -0.5129 0.31 0.0181*  Trophic 0.23 —0.48 —0.5098 0.31 0.0193*  Trophic 0.11 —-0.33 —0.3951 0.40 0.119 NS
dilution dilution (TMF = 1)
(TMF < 1) (TMF < 1)
35 0.22 —-0.47  —-0.4855 0:33 0.02268* Trophic 0.22 —-0.47 —-0.4824 0.33 0.0241*  Trophic 0.10 -0.32 -0.3678 0.43 0.140 NS
dilution dilution (TMF = 1)
(TMF < 1) (TMF < 1)
40 0.21 —-0.46 —-0.4634 0.34 0.0273*  Trophic 0.21 —0.46 —0.4603 0.35 0.0290*  Trophic 0.09 —-0.30 —0.3459 0.45 0.161 NS
dilution dilution (TMF = 1)
(TMF < 1) (TMF < 1)
45 0.20 —-0.45 —-0.4451 0.36 0.0321*  Trophic 0.20 —-0.44 -0.4421 0.36 0.0340*  Trophic 0.08 -0.29 -0.3278 0.47 0.180 NS
dilution dilution (TMF = 1)
(TMF < 1) (TMF < 1)
50 0.19 —-0.44  —0.4298 0.37 0.0368*  Trophic 0.19 —-0.43 —-0.4268 0.37 0.0391*  Trophic 0.08 -0.28 -0.3127 0.49 0.198 NS
dilution dilution (TMF = 1)
(TMF < 1) (TMF < 1)
55 0.18 —-0.43 -0.4167 0.38 0.0420*  Trophic 0.18 -0.42 —-0.4137 0.39 0.0440*  Trophic 0.07 —-0.27 —0.2998 0.50 0.215 NS
dilution dilution (TMF = 1)
(TMF < 1) (TMF < 1)
60 0.18 —0.42 —-0.40538 0.39 0.0460*  Trophic 0.17 —-0.42 —-0.4024 0.40 0.0489*  Trophic 0.07 —-0.26 —0.2886 0.51 0.231 NS
dilution dilution (TMF = 1)
(TMF < 1) (TMF < 1)
65 0.17 —-0.41 —0.3955 0.40 0.051 NS 0.17 —0.41 —0.3925 0.41 0.054 NS 0.06 -0.256 -0.2789 0.53 0.245 NS
(TMF = 1) (TMF = 1) (TMF = 1)
70 0.16 —-0.40 —0.3868 0.41 0.055 NS 0.16 —0.40 -0.3838 0.41 0.058 NS 0.06 -0.256 —-0.2704 0.54 0.259 NS
(TMF = 1) (TMF = 1) (TMF = 1)

TMF, trophic magnification factor calculated as the anti-log of the slope: TMF = 10°, where b is the slope. NS, no significant relationship. *Bold text for p-values with an asterisk indicates a significant relationship between
log of microplastic concentrations and trophic level (TL).
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time
(days)
r? r Slope (b)) TMF  p-value Outcome r? r Slope (b)) TMF  p-value Outcome r? r Slope (b)) TMF  p-value Outcome
75 016  —040 -03791 042  0.060 NS 016  -039 -03761 042  0.063 NS 006  —024 —02628 055 0271 NS
(TMF = 1) (TMF = 1) (IMF=1)
80 015  -039 -037217 042  0.064 NS 015  -039 -03692 043  0.067 NS 005  -023 -02560 055  0.283 NS
(TMF = 1) (TMF = 1) (TMF=1)
85 015  -039 -03660 043  0.068 NS 015  -038 -03630 043  0.072 NS 005  -023 -02500 056  0.294 NS
(TMF = 1) (TMF = 1) (TMF =1)
%0 015  -038 -036032 044  0.072 NS 014  -038 -03574 044  0.076 NS 005 022 —02445 057  0.305 NS
(TMF =1) (TMF = 1) (TMF = 1)
95 014  -038 -035519 044  0.076 NS 014  -037 -03523 044  0.080 NS 005  -022 -02394 058 0314 NS
(TMF =1) (TMF = 1) (TMF = 1)
100 014  —037 -035049 045  0.080 NS 014  —037 -03476 045  0.084 NS 005  -022 -02348 058  0.323 NS
(TMF =1) (TMF = 1) (TMF = 1)
105 014  —037 -034617 045  0.083 NS 013  -036 -03433 045  0.087 NS 004  —021 -02306 059  0.332 NS
(TMF =1) (TMF = 1) (TMF = 1)
365 008  -028 -026263 055  0.196 NS 008  -028 -02598 055  0.203 NS 0.2 013 —01472 071  0.544 NS
(TMF = 1) (TMF = 1) (IMF=1)
730 006  —024 —02273 059 0270 NS 006  —024 —02243 060 0279 NS 001  -010 —01108 077 0654 NS
(TMF = 1) (TMF = 1) (TMF =1)
1095 005  -022 -02113 061  0.308 NS 005  -022 -02083 062 0318 NS 001  -008 -00941 081  0.706 NS
(TMF =1) (TMF = 1) (TMF = 1)
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(TMF = 1) (TMF = 1) (TMF = 1)
1825 004  —021 —02022 063 0331 NS 004  —021 —01991 063 034 NS 001  -007 -00845 08  0.736 NS
(TMF = 1) (TMF = 1) (TMF = 1)
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(TMF =1) (TMF = 1) (TMF = 1)
10950 005  -021 -02047 062  0.325 NS 004  -021 -02016 063  0.334 NS 001  -008 -00867 08  0.729 NS
(TMF = 1) (TMF = 1) (IMF=1)
18250 005  —021 -020468 062  0.325 NS 004  —021 -02016 063  0.334 NS 001  -008 -00867 08  0.729 NS
(TMF = 1) (TMF = 1) (TMF =1)
36500 005  —021 -020468 062  0.325 NS 004  -021 -02016 063  0.334 NS 0.01 008 —00867 082  0.729 NS
(TMF = 1) (TMF = 1) (TMF=1)

TMF, trophic magnification factor calculated as the anti-log of the slope: TMF = 10°, where b is the slope. NS, no significant relationship.
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