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Previous studies have shown that multiple-environmental stressors are expected to have significant and geographically differential impacts on the health and abundance of marine species. In this paper, we analyze the combined impacts of ocean warming, overfishing and mercury pollution in European waters by projecting the impacts of climatic and non-climate drivers on marine species in European waters. Our findings suggest that the impacts vary widely depending on different species and their mean temperature tolerance (MTT). We find for instance, that more than 5 temperate benthopelagic species including, bobtail squids (Sepiida) frogfishes (Lophius) great Atlantic scallop (Pecten maximus) red mullet (Mullus barbatus barbatus) and common octopus (Octopus vulgaris) are affected (i.e., weakens their resilience to climate change) by the increase in sea surface temperature (SST) under RCP 8.5 in 2050 and 2100. Mercury contamination was estimated to increase in some species (e.g., ∼50% in swordfish), exceeding mercury consumption guideline thresholds (>1 mg/kg). This negative impact may limit the capacity of fisheries and marine ecosystem to respond to the current climate induced pollution sensitivity. An implication of our study is that the international community should strengthen a global ban on mercury emissions under the mandate of the Minamata Convention, comparable to the United Nations framework for persistent organic pollutant emission sources. Ongoing global efforts aimed at minimizing carbon footprint and mercury emissions need to be enhanced in concert with a reduction in fishing intensity to maintain effective conservation measures that promote increased resilience of fisheries to climate change and other stressors.
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INTRODUCTION

Marine ecosystems and biodiversity provide important and valuable goods and services such as food, amenity benefits, tourism, and carbon sink, but a myriad of anthropogenic activities have also altered and are changing the biogeochemistry and biophysics of the oceans, affecting marine species through direct and indirect impacts (Lotze et al., 2006; McCauley et al., 2015; Halpern et al., 2019). In most parts of the world, overfishing, anthropogenic climate change and pollution are already having quantifiable effects on the marine ecosystem, and their implications for the future are of great concern. As stated by the Intergovernmental Panel on Climate Change (IPCC), human influence on the climate system is clear, and anthropogenic carbon dioxide (CO2) emissions have impacted on the marine environment at unprecedented levels (IPCC, 2014, 2018, 2021).

Particularly, the ocean, the marine species biodiversity it holds and the fisheries they sustain are facing many threats, e.g., ocean pollution by chemical assaults [e.g., plastics, persistent organic pollutants (POPs), and mercury (methyl-mercury, MeHg)]; (e.g., Alava et al., 2017a, 2018; Schartup et al., 2019; Issifu and Sumaila, 2020; National Academies of Sciences, Engineering, and Medicine, 2021), global climate change (Noone et al., 2013; IPCC, 2018, 2021), and overfishing (Pauly et al., 1998, 2005; Rogers and Laffoley, 2011; Sumaila et al., 2011; McCauley et al., 2015). Researchers have observed that the interaction of most of these stressors in the ocean is damaging the health of marine wildlife, and reducing fisheries quality and quantity (McCauley et al., 2015; Alava et al., 2017a; Halpern et al., 2019; Schartup et al., 2019).

There have been some decades of individual studies on climate change events, pollution, and overfishing. However, it is only recently that linkages and combined impacts of these previously dispersed anthropogenic stressors are being established to holistically adapt to risk management in fisheries (Booth and Zeller, 2005; Noone et al., 2013; Schartup et al., 2019). For example, the ongoing Nippon Foundation-Nexus Program,1 and Stockholm Resilience Center2 aspire to address some of the challenges of ocean health (Leape et al., 2021).

This study offers conceptual framework and assess the weight of evidence of overfishing, marine pollution and climate change interactions. We argue that reducing pollution and overfishing is also climate actions. Therefore, the overarching goal of this paper includes: (1) review the combined impacts of multiple stressors on European fisheries; (2) examine the interactive impacts of multiple anthropogenic stressors (i.e., overfishing, climate change and ocean pollution) on fisheries; (3) investigate top fish species in the European waters that are vulnerable to the onslaught of climatic and non-climate stressors; (4) explore management policy options to address the impacts of climate change, overfishing and pollution on marine ecosystems.


Overfishing and Fisheries Decline

The expansion of fisheries and overfishing inflict changes in the community structure and fish size because of selective harvesting of target species and bycatch of non-target species, as well as via habitat modification, triggering changes in the biomass, species composition and size structure (Pauly et al., 1998; Bianchi et al., 2000; Jennings and Blanchard, 2004). According to FAO (2012), 87% of global fish stocks are either overexploited or fully exploited. The status of other species, such as brown shrimp is uncertain, while others are classified as underexploited (e.g., yellowfin tuna, Tunnus albacares). Recent estimates indicate that between 40 and 70% of fish stocks in European waters are currently at an unsustainable level—either overfished or at their lower biomass limits (Dulvy et al., 2003; Sumaila and Tai, 2020). European stock assessments report that the current size and capacity of the European Union (EU) fleet is estimated to be 2–3 times above the sustainable level in a number of fisheries (European Commission, 2008). Several offshore fisheries capture species in European waters are classified as fully exploited; e.g., herring, Norway lobster, mackerel, and horse mackerel (STECF, 2017).

Illegal fishing targeting tuna and other tuna fish species in West Africa (Sumaila, 2018; EJF, 2020) and the eastern tropical Pacific (Alava et al., 2015, 2017b; Martínez-Ortiz et al., 2015; Alava and Paladines, 2017), are exported to EU markets (Ministerio de Comercio Exterior, 2017; EJF, 2020; Monnier et al., 2020). On average, for example, the value of exports canned tuna and tuna loins from Ecuador to the EU over the 2007–2016 period accounted for 343 million USD and 124 million USD, respectively (Ministerio de Comercio Exterior, 2017). While the EU strictly regulates and supervises certified fish products and exports from fisheries overseas to mitigate and prevent illegal, unreported and unregulated (IUU) fishing, questions linger as to whether illegally harvested tuna exports are reaching the EU fish market chains.

It is important to note that this sobering statistic only considers individual stocks that are deemed commercially valuable and does not consider the amount of environmental degradation and ecosystem destruction that accompanies overfishing. The FAO also estimates that “oceans are cleared at twice the rate of forests” (FAO, 2009). Overfishing can be defined as fishing down marine food web (Pauly et al., 1998, 2005) or depleting populations due to excessive fishing mortality and defaunation (McCauley et al., 2015; Baum and Fuller, 2016). To put the deleterious impact of excessive fishing into perspective, the European hake (Merluccius merluccius) stocks are among the fish species under more intense overfishing, with fishing mortality rates up to 10 times higher than the optimal target (STECF, 2017). Overfishing pose one of the greatest threats to ocean health (Pauly et al., 1998, 2005; McCauley et al., 2015). Apart from depleting populations (STECF, 2017), overfishing can erode the age and size structure and spatial distribution of stocks making populations more susceptible to environmental fluctuations. This is particularly relevant for highly impacted areas and vulnerable species (e.g., elasmobranchs). Overfishing of top predators and pelagic resources has also been associated with trophic cascades and ecosystem regime shifts in the Black Sea (Daskalov et al., 2017). A combination of climate-related stresses and widespread over-exploitation of fisheries reduces the scope for adaptation and increases risks of stock collapse (Allison et al., 2009). Overfishing makes marine fisheries production more vulnerable to ocean warming by compromising the resilience of many marine species to climate change, and continued warming will hinder efforts to rebuild overfished populations (Free et al., 2019). It can also exacerbate the mercury levels in some fish species. For instance, recent studies show that Pacific salmon, squid and forage fish, as well as Atlantic bluefin tuna and Atlantic cod and other fish species are susceptible to increases in methylmercury (MeHg) due to overfishing (Schartup et al., 2019) and rising ocean temperatures (Alava et al., 2018). Overfishing weakens the resilience of fish stocks and marine ecosystems to climate change (Sumaila and Tai, 2020), and has even been identified as one of the greatest threats to ocean health (Pauly et al., 2005; Halpern et al., 2015; Gattuso et al., 2018). Indeed, after the collapse of northern cod stocks in Canada due to overfishing, Newfoundland and other Canadian coastal areas changed to shellfish, shrimp and crab which dominates the industry today. This transition is known as fishing down the food web and is usually the result of unsustainable fishing practices (Pauly et al., 1998).

Overfishing is linked directly to multiple destructive fishing practices such as trawling, IUU fishing, bycatch, and harmful subsidies (Sumaila et al., 2006, 2021; Agnew et al., 2009; Moomaw and Blankenship, 2014). Continued use of destructive fishing practices such as bottom trawling, which has an impact on both targeted and non-targeted species and damages ocean sea floors, may lead to overfishing. In addition to this, overfishing often correlates with large amounts of bycatch as increased effort is translated directly into unintentionally catching non-targeted species which harms marine ecosystem. Also, harmful subsidies encourage overfishing by supporting fleets that are over capacity in terms of number of ships, effort and technology (Schuhbauer et al., 2017; Sumaila et al., 2021).



Climate Change Impacts on Marine Ecosystems

In the near future, climate-driven phenomenon including deoxygenation and ocean acidification, are likely to have a growing effect on the productivity of global fisheries. Recent studies have observed fundamental changes to ocean biogeochemistry, including rising sea surface and bottom temperatures, changes in primary production, reduced pH, decreased subsurface oxygen levels (i.e., hypoxia) in coastal waters (Bindoff et al., 2019). Most of these anthropogenic disturbances are linked to fossil fuel emissions and fertilizer use, which is expected to increase in the years to come, placing further pressures on marine ecosystem (Doney, 2010).

Globally, rising sea temperature will likely shift the location, distribution and abundance of marine fisheries. In fact, Cheung et al. (2010) demonstrated that fisheries in some regions stand to gain from climate change (“winners”), while others stand to lose (“losers”). Their study estimates that the average catch potential in high-latitude regions will increase by 30–70% by 2055, benefiting countries such as Norway, Greenland, and Russia. On the other hand, average catch potential in the tropics is projected to drop by 40% by 2055, resulting in substantial losses for countries such as Indonesia, Chile, and China (Cheung et al., 2010). In effect, shifts in species distributions can create incentives for overharvest. For example, a country that is losing a fishery due to climate change may overfish the target species to compensate for the anticipated loss.

In addition to rising temperatures, rising atmospheric CO2 levels pose a major threat to the ocean and fisheries resources. In general, alterations to ocean chemistry hinders the ability of a wide range of marine organisms such as corals, mollusks, and some plankton to grow and maintain external calcium carbonate skeletons (Orr et al., 2005). As a result, declining fisheries harvests are expected once ocean chemistry moves outside the present range of natural variability, which is expected to occur as early as 2025 in some regions of the Southern Pacific (Cooley et al., 2012). Already, high-trophic level large pelagic species such as salmon, tunas, billfish, and sharks, as well as the mid-trophic level small pelagic species such as sardines, anchovies, and squids are particularly sensitive to climate impacts (Chavez et al., 2003; Cheung et al., 2013).

In the European shelf seas, the impacts of climate change on fisheries have been noted for several important commercial species, notably nephrops, mussels, oysters, and lobster (e.g., Styf et al., 2013; Ostle et al., 2016). Fernandes et al. (2017) quantified the potential effects of ocean warming and acidification on fisheries catches, resulting revenues and employment in the United Kingdom of Great Britain and Northern Ireland under different greenhouse gas emission scenarios. Standing stock biomasses were projected to decrease significantly by 2050 and the main driver of this decrease was rising sea surface temperature (SST). The European waters account for about 14 and 15 percent of global carbon sink and fishing intensity, respectively (Cavan and Hill, 2020). In effect, losses in revenue were estimated to range between 1 and 21 percent in the short-term (2020–2050). For Europe as a whole, the annual impact was estimated to be over 1 billion USD by 2100 although subject to considerable uncertainty. Figure 1 shows that European seas are the most fished with the highest carbon sink.
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FIGURE 1. European shelfregion (black rectangle) has one of the highest global fishing and catch areas and carbon sink intensity, especially the Northeast Atlantic (NEA). The NEA area is one of the highest-ranking areas, for both carbon sink and fishing intensity and responsible for about 14 and 15% of global carbon sink and global fishing effort, respectively (see Cavan and Hill, 2020). Map retrieved and modified from the Sea Around Us database (https://www.seaaroundus.org/data/#/spatial-catch; Pauly et al., 2020).




Chemical and Biological Pollutants Impact on Marine Ecosystem

The proliferation of chemical pollutants (e.g., POPs, mercury) has become a prominent environmental issue in recent years, as growing evidence draws attention to its negative impacts on marine fisheries and food webs under the impact of climate change (Booth and Zeller, 2005; Alava et al., 2017a, 2018; Schartup et al., 2019). While evidence suggests that large amounts of emerging anthropogenic pollutants such as ocean macroplastics and microplastics (Eriksen et al., 2014; Jambeck et al., 2015; Lebreton et al., 2018; Alava, 2019; Issifu and Sumaila, 2020) are accumulating in the deep sea (Rochman et al., 2014; Choy et al., 2019; Kane et al., 2020), mercury concentrations in the North Pacific Ocean are predicted to double by 2050 (Sunderland et al., 2009). Small-scale gold mining, coal and fossil fuel burning and industrial emissions are the major contributors of mercury into oceans (Mason and Sheu, 2002; European Environment Agency, 2018). The global spread of mercury and other industrial pollutants is of immediate concern, as these pollutants bioaccumulate in the tissues of marine organisms and are passed up the food chain, posing a serious threat to human health. Additionally, methylation of mercury to form MeHg has been found to increase when temperatures rise (Johnson et al., 2016). The effect of these perturbations on global fisheries is only projected to grow as industrial activity and fertilizer use increases over the next two decades (Doney, 2010).

In the European waters, pollution is particularly important in the Black Sea, where the ecosystem has undergone different phases of eutrophication caused by increased input of nutrients, intensive farming and the use of agrochemicals and phosphate detergents. It is also noteworthy that the Black Sea and particularly the Mediterranean are hotspots for plastic and mercury pollution. Fishes absorb contaminants directly from the water and sediment and indirectly through food web transport. Higher concentration of mercury on several important commercial fish species such as anglerfish, common sole, striped mullet, swordfish, mackerel, and cod have been documented (Storelli and Marcotrigiano, 2001). Though mercury concentrations vary widely by species and ocean. There are varying health impacts associated with mercury pollution in different fish species, but the primary consequence is lower reproductive success such as decreased spawning and increased embryo mortality leading to reduced reproductive success (Sandheinrich and Wiener, 2011), increased vulnerability due to reproductive and neurological problems, which can lead to behavioral abnormalities (Dawson, 1982). In addition, elevated mercury levels have altered hormone profiles, indicating that the mercury is also affecting the health of the fish themselves (National Wildlife Federation, 2006), as well as the hatching times and the survival rates of offspring (Bridges et al., 2016) and ultimately death since fishes’ inability to survive extremely high levels of mercury (Matta et al., 2001). In effect, mercury pollution should be considered a stressor that reduces the resilience of fish assemblages to climate changes.

Fish consumption is known to have beneficial effects on human health due to its nutrients—the presence of long-chain, poly-unsaturated fatty acids (LC-PUFAs). For instance, provide protection against diseases such as coronary heart diseases, high blood pressure (Oomen et al., 2000; Miles and Calder, 2012; Rangel-Huerta et al., 2012). On the other hand, fish is the main dietary source of methylmercury for all age groups in Europe, given that many of the most popular species such as the hake, swordfish, whiting and cod are among those with the highest levels of mercury (EFSA, 2015). Substantial amount of methylmercury from the consumption of fish can have an effect on the nervous system, cardiovascular, immune and reproductive systems (Carta et al., 2003; Yokoo et al., 2003; Stern, 2005; Oken et al., 2008; Houston, 2011). Sandborgh-Englund et al. (1998) found that children exposed to mercury in the prenatal period had defects in attention, language, memory, and motor function. Children born in countries with high fish consumption, such as Portugal and Spain, received most exposure to methylmercury (Science for Environment Policy, 2017). Višnjevec et al. (2013) carried out a comprehensive Europe-based review of exposure to mercury, looking at studies published since 2000 and found out that the highest exposure to mercury was in coastal populations, due to their higher consumption of fish compared to inland residents.




MATERIALS AND METHODS

Fish like all living organisms exhibits a temperature range within which they thrive. There are a number of approaches available for measuring the distribution of temperature for fish species. Here we calculated the temperature tolerance index (TTI), by using the average temperature preference range of our selected fish species. We estimated the percentage change in SST, as well as the bottom temperature in the 2050s/2100s under different climate change scenarios, using the Representative Concentrations Pathways (RCPs): RCP 2.6 (i.e., low CO2 emission/high mitigation scenario) and RCP8.5 (high CO2 emissions or business-as-usual). Data for SST and bottom temperature for RCP 2.6 and RCP 8.5 covers all European Exclusive Economic Zones (EEZs) and were retrieved from the NOAA’s Geophysical Fluid Dynamics Laboratory Earth System Model 2M (GFDL ESM2M; Dunne et al., 2012). We included 38 EEZs of 27 European countries in the European FAO region as presented in Supplementary Material.

To estimate TTI, the following three equations were derived. We expressed the mean temperature preference (MTP) for each species as follow
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where TMAX and TMIN are maximum and minimum temperatures within the temperature preference range of each species i, respectively.

We estimated the change in temperature within the distribution range of each species using the following equation:
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Let △T denotes the change in temperature within the distribution range for each fish species, SST2050 represents the SST in the year 2050 under RCP 2.6 or RCP 8.5, while SSTcurrents stands for the prevailing SST. We assume each species is living within its SST preference under the current status. The corresponding calculations were also done for 2100.

Finally, we calculated the TTI using mean temperature preference range (MTP) for species under each climate change scenario (i.e., RCP 2.6 and RCP 8.5) along with TMAX the upper limit temperature for a given fish species.
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Based on Equation (3), we can check whether the projected change in temperature will exceed the highest temperature range of fish species or otherwise. The corresponding calculations were also done for 2100. We can infer whether the projected change in temperature will exceed the highest temperature range of fish species or otherwise. We assume that if the estimated (TTI) > 1, then the species cannot tolerate exposure and is affected by ocean warming due to climate change; if the estimated (TTI) = 1, no exposure to thermal stress or eco-physiological health effect. On the other hand, if (TTI) < 1, the projected SST is still within the temperature preference range of the species, which implies the species can still tolerate extreme SST anomalies and survive under climate change.

In an effort to capture the exposure risk to SST under climate change forcing (RCP 2.6 or RCP 8.5), a pragmatic ecotoxicological risk index to calculate the TTIER was also applied, using the mean temperature tolerance (MTT), as follows:
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Where, TTIERdenotes ecotoxicological risk index to estimate the TTI, SSTCC is a term to express the overall average of SST to reflect the climate change forcing based on SST predictions for RCP 2.6 (i.e., SSTRCP2.6) and RCP 8.5 (SSTRCP8.5) by 2050 and 2100, respectively. A major advantage of using MTT is that it captures the distribution of the temperatures (means and variability/SD) of a given species of fish in terms of the metabolic scope (e.g., oxygen consumption influenced by ambient sea surface or bottom temperature) and affected by changes in temperatures, i.e., ocean warming (Cheung et al., 2013).

The outcomes resulting from Equation (3) were also correlated against the MTT to explore the relationship between TTIER and MTT.


Fisheries of the Europeans Waters

The EU represents the largest single market for fish and fish products in the world. Table 1 provides the breakdown of the top 20 taxa with the highest annual catch (tons) and landed values (USD) taken from the European waters by EU countries from 2007 to 2016. In 2015, the EU fishing fleet comprised of 63,976 active vessels, of which 74% were classified as small-scale coastal vessels, 25% as large-scale and remaining 1%, distant-water vessels. These EU fleets spent 4.8 million days at sea and consumed 2.3 billion liters of fuel to land over 5 million tons of seafood with a reported value of €7 billion (STECF, 2017). The EU fishing fleet operate in major sea basin including: North Sea and Eastern Arctic, Baltic Sea, North East Atlantic, Mediterranean and Black Sea, as well as fleets operating in other fishing regions, such as the Northwest Atlantic (STECF, 2017).


TABLE 1. List of top 20 fish species by average annual catch (tons) and landed values (USD) taken from European waters by EU countries between 2007 and 2016.

[image: Table 1]
In terms of volume of catches, Atlantic herring was the most important species by annual catch (233 thousand tons), followed by European pilchard (188 thousand tons), Blue whiting (134 thousand tons) and European anchovy (117 thousand tons) as shown in Table 1. In terms of annual landed values, landings of European hake generated the most value (358USD million), followed by Norway lobster (281USD million), European anchovy (276 USD million), and Common sole (263 USD million).



Temporal Levels of Mercury in Fisheries From European Waters

Within the group of the top 20 marine taxa (Table 1 above) with the highest annual average landed values taken from the European waters by EU countries from 2007 to 2016, 99% of all fishes had mercury concentrations below the U.S. EPA human health criteria of 0.30 mg/kg wet weight (ww) (Table 2). This group of low mercury commercial fishes includes several commercially important marine species of European hake (Merluccius merluccius) and Great Atlantic scallop (Pecten maximus). Other notable low-mercury fish within this group of commercial fishes includes the Common shrimp (Crangon crangon), a widely distributed and commonly consumed fish across the North Sea and Eastern Arctic region (STECF, 2017). Swordfish (Xiphias gladius) from the Mediterranean also had elevated mercury concentrations (0.995 ± 0.539 mg/kg). In general, mercury levels are the lowest in smaller, mid-trophic or intermediate level pelagic species such as anchovies and always below (European Commission, 2002; World Health Organization and Food and Agriculture Organization of the United Nations, 2010) general guideline level of 0.5 and 1.0 mg/kg ww, respectively. Conversely, highest mercury concentrations were found in large high-trophic level pelagic species such as swordfish.


TABLE 2. Results from the preliminary analysis of mercury levels in commercial fish and shellfish species in European waters.
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Based on Schartup et al. (2019), we estimated the increase in mercury concentration (ppm) by assuming the percent increase in concentrations predicted (i.e., mercury concentration increasing from > 30 to 50% at a temperature increase of 1°C under warming conditions) in fish species from the North Atlantic (e.g., Atlantic cod, Bluefin tuna) based on the data reported by Schartup et al. (2019), as follows:
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Understanding average concentrations of mercury in fish and fish products by EU and WHO can help reduce mercury intake by consumers, including vulnerable populations like infants and young children as well as pregnant and breastfeeding mothers. Following fish-consumption advisories attributed to mercury (European Commission, 2002; U.S. EPA, 2002; World Health Organization and Food and Agriculture Organization of the United Nations, 2010) can help consumers make informed choices when choosing fish and fish products that are nutritious and safe to eat.

We assumed a conservative increase of 50% used for all pelagic fish (i.e., small and large pelagic fish); and for demersal or bottom fish an increase of 33% was used, based on the mercury concentration increase for Atlantic Cod reported in Schartup et al. (2019). We observed that mercury concentrations in our 20 fish species (except the predatory sword fish) were all below the established general fish consumption threshold by the EU (i.e., 0.5 mg/kg, 1.0 mg/kg predatory fish), U.S. EPA (i.e., 0.30 mg/kg, ww), and World Health Organization (WHO) (i.e., 0.50 mg/kg, ww).



Conceptual Framework

In this study, we encountered a rich knowledge base about climate change via ocean warming, overfishing and pollution and its effects on European fisheries. We constructed the conceptual framework following the approaches of Alava et al. (2017a, 2018), Bindoff et al. (2019), and Schartup et al. (2019), in order to display the coherences of the interactions of climate change and environmental stressors to assess their impacts on fisheries. Figure 2 illustrates the interactions of climate change, overfishing and pollutants on marine fisheries and food webs.
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FIGURE 2. Climate change-overfishing-pollution assessment framework. The pathways through which scenario of climatic, overfishing and pollutants hazards (orange, blue, and green boxes, respectively) and their interactions can lead to increases in exposure to hazards by the biota, ecosystems and people sensitivity (dashed gray box) and the risk of impacts to ecosystem and human health and societies (red box). Climate change is a threat multiplier that compounds overfishing and pollution. For instances, climate change induces fisheries susceptibility and vulnerability to overfishing; while overfishing and climate change influence pollution sensitivity; thus, the resilience of fish stocks and marine ecosystems can be weakened. The synthesis is based on literature review and framework presented in Alava et al. (2017a). Adapted from Alava et al. (2017a) and Bindoff et al. (2019).





RESULTS AND DISCUSSION

Trends reported in Table 2 indicate that organisms with the highest mercury concentration are swordfish (1.495 mg/kg), followed by European seabass (0.25 mg/kg) and Atlantic herring (0.135 mg/kg). Comparing these trends with World Health Organization (WHO) and European Commission (EC) limits, the mercury levels are the lowest in smaller, short-lived fish and always below (European Commission, 2002; World Health Organization and Food and Agriculture Organization of the United Nations, 2010) general guideline level of 0.5 and 1.0 mg/kg ww, respectively (European Commission, 2002; World Health Organization and Food and Agriculture Organization of the United Nations, 2010). Conversely, highest mercury concentrations were found in large, long-lived species such as swordfish.

The average temperature of surface waters of European continental shelf areas such as the southern North Sea has experienced one of the greatest warming rates (Levitus et al., 2009; González-Taboada and Anadón, 2012). We explored the impacts of climate change including SST and bottom water temperature on future fisheries resilience. Figure 3 illustrates the relationship of the estimated TTI for all fish species assessed vs. the species-specific MTT under the strong mitigation scenario (RCP 2.6), in which there is a drastic reduction in global fossil fuel emissions, and under the business-as-usual scenario (RCP 8.5).
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FIGURE 3. The relationship between the estimated TTI ([image: image]) for all fish species assessed vs. the species-specific MTT under RCP 2.6 (i.e., low CO2 emission/high mitigation scenario) for (A) 2050 and (B) 2100; and RCP 8.5 (high CO2 emissions or business-as-usual) for (C) 2050 and (D) 2100. The relationship between TTI and MTT under RCP 8.5 shows that most temperate pelagic and benthopelagic species will be affected either by high SST under RCP 8.5 by 2100 (D), as an indication of high sensitivity of exposure to ocean warming.


The relationships observed in Figure 3 shows positive correlations and significant linear regression between TTI and MTT under RCP 2.6 and RCP 8.5 by either 2050 or 2100 (r2 = 0.39, r = 0.62, p = 0.003; Figures 3A–D), projecting that both TTI and MTT increase, as well. Some benthopelagic species (i.e., Great Atlantic scallop, red mullet, cuttlefishes, bobtail squids, frogfishes; Figure 3D) exhibit TTI > 1 under RCP 8.5 by 2100, as an indication of high sensitivity and exposure to increasing SST.

Conversely, when applying the ecotoxicological risk index (i.e., TTI = SSTCC/MTT), the relationships observed in Figure 4 illustrate negative correlations, in which the TTI significantly decreases as the MTT increases in fish for both RCP 2.6 and RCP 8.5 scenarios by 2020 and 2100 (r = −0.97; p < 0.00001). These trends indicate that fish with higher MTT values (e.g., sword fish, gilthead seabream) are less impacted by and more tolerant to increasing changes of SST, while fish species (i.e., Atlantic cod; Atlantic herring) with lower MTT and higher TTI values are the most affected due to the exposure to ocean warming (i.e., RCP 8.5), appearing to be susceptible even under the mitigation or low emissions scenario (RCP 2.6), as shown in Figures 3A–D. The impact of SST under RCP 2.6 is relatively lower than under RCP 8.5 (Figure 3), with TTI increasing by an average of 5.0 and 35%, respectively, by 2050 and 2100 relative to current temperature 2001–2020. We found that bobtail squids, frogfishes, great Atlantic scallop, red mullet and common octopus will be affected by high SST under RCP 8.5 in 2050 and 2100 (i.e., potential impacts on abundance and distribution due to less resistant to changes in SST). Likewise, under the strong mitigation scenario (RCP 2.6), the impact of bottom sea temperature is lower than that under RCP 8.5, with TTI increasing by an average of 5.0 and 30%, respectively, by 2050 and 2100 relative to current temperature 2001–2020. In particular, based on the ecotoxicological risk index, these species exhibited a TTI > 1, ranging from 1.3 to 1.5 under RCP 2.6 and RCP 8.5, corroborating its lack of tolerance to ocean warming (Figure 4).
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FIGURE 4. The relationship between the estimated TTI (TTI = SSTCC/MTT) for all fish species assessed vs. the species-specific MTT under RCP 2.6 (i.e., low CO2 emission/high mitigation scenario) for (A) 2050 and (B) 2100; and RCP 8.5 (high CO2 emissions or business-as-usual) for (C) 2050 and (D) 2100. The relationship between TTI and MTT under RCP 8.5 shows that most temperate pelagic and benthopelagic species will be affected either by high SST under RCP 8.5 and even under the mitigation scenario (RCP 2.6), as an indication of high sensitivity of exposure to ocean warming.


The combined interaction of fishing pressure impacts in tandem with climate change exacerbating mercury biomagnification has been modeled in a foodwebs of the Faroe Islands (North Atlantic), involving a depleted fish stock and cetacean species, including the Atlantic cod (G. morhua) and long-finned pilot whale (Globicephala melas), resulting in high concerns for food safety and neurotoxic effects to human health because of the high consumption of mercury-contaminated fish and marine mammal meat (Booth and Zeller, 2005). More recently, this cumulative multiple-stressor interaction was corroborated by Schartup et al. (2019), uncovering that the combination of climate change and overfishing in depleted fish populations such as Atlantic cod (Gadus morhua) and bluefin tuna (Thunnus thynnus) further contaminate fish and exacerbate bioaccumulation of the neurotoxic MeHg in foodwebs. This has obvious implications for healthy marine ecosystems, but also for the public health of coastal communities strongly relying on seafoods.

The combined onslaught of ocean warming, overfishing and pollution on fisheries in European waters may have significant implications for fish distribution, food security, and livelihoods. Pollution, overfishing, and rising SST, among other anthropogenic pressures, put at risk future prospects for food security and nutrition, and resilient livelihoods in the longer term. For instance, overfishing results in overexploitation of fish stocks, threatening the health of the ecosystem and fish stocks while generating losses in fishers’ revenues, as well as a loss in socio-economic benefits such as food and nutritional security of people (Bondaroff et al., 2015; Sumaila et al., 2020). One major impact of climatic and non-climate stressors on fisheries is the changes in stock distributions, which affect where fish can be caught and who might catch them. These stressors might alter the conditions of marine ecosystems and the distributions of fish species across the oceans shift in response to climate change. This implies some traditional fisheries will move into new jurisdictions and those that cannot move fast enough perish. That means our results have significant implications to the decision makers for management risks and designing policies for sustainable fisheries. It is therefore crucial for us to incorporate the outputs from this study into to risk management and policy solution framework.

This projected changes in distribution are likely to exacerbate existing conflicts between stakeholders, both within nations and when the distribution of important species changes across boundaries between neighboring economies or between country EEZs and the high seas. For instance, the rapid northwards shift of Atlantic mackerel (Scomber scombrus) distribution from Norwegian waters to the waters of the Faroe Islands and Iceland led to conflict over allocations between the affected countries (Jensen et al., 2015).

Another devastating impact of environmental and anthropogenic stressors on fisheries is changes in stock productivity, which affect potential yields and profits. As an example, Lam et al. (2016) modeled the impacts of climate change on fish revenues through changes in the amount and composition of catches and found that global fishers’ revenues could drop by 35% due to decrease in catches by developing countries vessels operating in more severely impacted distant waters.

Our study has limitations. First, the equation TTI = (MTP+MTP*ΔT)/TMAX uses maximum temperature (TMAX) or the upper limit temperature tolerated by a given fish species as the denominator, in which the numerator is basically adjusted to the maximum temperature creating a maximum temperature-normalization of the fish data to produce a TTI with Equation (3). Second, while this application is fairly sound, an aspect to consider is that by using TMAX in this equation, we may well overestimate or generate over-projection in terms of the thermal capacity of a fish species to tolerate larger changes in SST (i.e., not all individuals of a population are metabolically and physiologically able to exhibit a TMAX and only a few or some, depending on the most temperature-tolerant individuals of the same species, which may well include outliers). Conversely, using the MTT will help to recognize and represent the species’ overall mean thermal tolerance. Doing so, the basic equation TTI = SSTCC/MTT, where SSTCC is a term to express the overall average of SST to reflect the climate change forcing based on the SST predictions for RCP 2.6 and RCP 8.5 by 2050 and 2100, may well be applied to compare both methods. Again, while the use of TMAX is useful, how sensitive on average a given fish species as a whole is to SST changes or scenarios under climate changes, using the MTT? Thus, future work should be conducted to test if this is the case by comparing both estimation methods.



CONCLUSION

Temperature Tolerance Index and mercury concentration patterns analysis of the European waters data series show that there is some evidence of weakening the resilience of fisheries to climatic and non-climate stressors. Our results highlight that SST could rise between 0.5 and 0.7°C by 2100 for the lowest carbon emissions scenario (RCP 2.6) and in excess of 2°C under RCP 8.5. This will ultimately weaken the resilience of fish stocks and marine ecosystem in European waters. The study has found that over 5 temperate benthopelagic species such as Norway lobster, common sole, great Atlantic scallop, red mullet, European hake and European seabass will be negatively affected (in terms of abundance and distribution) by high SST under RCP 8.5 in 2050 and 2100 because their estimated TTI > 1. Therefore, global effort that is already ongoing to minimize carbon footprint need to be intensified. It is essential for stakeholders, including governments, fishers and resource managers and citizens, should focus more attention on the monitoring of environmental parameters, such as SST, mercury pollution, to determine the resilience of fishery such as bobtail squids, frogfishes, great Atlantic scallop, red mullet, and common octopus that are more vulnerable to climate change and non-climate stressors. In addition, a prevention risk management plan based on the weight of evidence and conceptual framework proposed here (Figure 2) for European fisheries in tandem with national and international instruments is of paramount to proactively address and combat the multiple anthropogenic stressors, resulting from the combined interaction of warming oceans, mercury pollution, overfishing in the face of global changes. Precautionary decision-making processes and development of concerted management actions and mitigation policies for climate change, chemical pollution, and fishing activities may well follow a proactive bottom-up policy, supporting the prevention pathway and precautionary approach to mitigate and eliminate mercury pollution and neutralize carbon emissions (e.g., net-zero emissions and decarbonized economy) from anthropogenic sources (Alava et al., 2017a; Alava, 2019), as well as championing sustainable fishing activities by eradicating harmful fisheries subsidies (Sumaila et al., 2021), instead of the classic, imposed top-down policy perpetuating “business as usual” and status quo.

Also related are awareness raising, improving education, and human and institutional capacity on climate change mitigation. Anthropogenic-induced pressures such as mercury pollution from human-made sources may reduce the ability of fisheries and marine ecosystem to respond to present day climatic pressures. Enhanced resilience of fisheries and marine ecosystem by reducing stressors, including pollution and the use of habitat destructive fishing gears (e.g., dredge, bottom trawl). Also, the international community should strengthen a global ban on mercury and worldwide control of persistent organic pollutants’ emission sources within the United Nations framework as well as increase fish consumption advisories for methylmercury.

The next pathway, in terms of reducing fisheries and ecosystem resilience is industrial fishing. Overfishing is the most serious threat to fisheries in the European waters, and therefore effective fisheries management measures are required in order to decrease the ecological effects of overfishing and increase the food security especially for the coastal communities in the Europe. Hence the ongoing effort in the fisheries sector as a whole on reversing overfishing on target stocks and fisheries impacts on non-commercially fished species (Garcia et al., 2018) as well as increase efforts to rebuild fisheries and promote the restoration of the fisheries (Worm et al., 2009) in European waters need to be intensified to enhance fisheries’ resilience to climatic and non-climate stressors. Generally, reduction in fishing intensity including measures that promote social resilience within the fishing sector while maintaining effective conservation measures will increase resilience of the fisheries. Such strategies include enhancing transferable fishing quotas, alternative fisheries and livelihood diversification. Future research can incorporate ecosystem and foodwebs modeling experiments that explore the impact of combined environmental stressors (e.g., addressing mercury pollution, overfishing, and climate change forcing simultaneously).
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Rank Scientific name Common Annual catch  Landed values
name (tons) (UsSD)
1 Merluccius European hake 91,242 358,546,692
merluccius
2 Nephrops Norway lobster 20,879 281,785,055
norvegicus
3 Engraulis European 117,844 276,528,622
encrasicolus anchovy
4 Solea solea Common sole 15,288 263,993,935
5 Gadus morhua Atlantic cod 67,938 244,583,633
6 Dicentrarchus European 12,923 205,003,300
labrax seabass
7 Sardina pilchardus European 188,343 202,114,344
pilchard
8 Octopus vulgaris Common 31,170 187,774,015
octopus
9 Xiphias gladius Swordfish 17,540 157,200,153
10 Crangon crangon Common 38,010 188,737,030
shrimp
11 Sparus aurata Gilthead 10,414 132,940,834
seabream
12 Scomber scombrus Atlantic 79,373 131,031,651
mackerel
13 Scophthalmus Turbot 9,254 130,088,378
maximus
14 Micromesistius Blue whiting 134,004 128,560,998
poutassou
15 Clupea harengus  Atlantic herring 233,313 126,329,803
16 Lophius Frogfishes 17,168 122,232,795
17 Pecten maximus ~ Great Atlantic 29,994 119,150,365
scallop
18 Mullus barbatus Red mullet 14,583 119,086,099
barbatus
18 Lithognathus Sand steenbras 10,516 114,790,901
mormyrus
20 Sepiida Cuttlefishes, 9,911 105,587,156

bobtail squids

The annual catch of marine fisheries from 2007 to 2016 was obtained from SAU

database.
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Common name Mean =+ SD Mercury Fraction Increase in mercury concentration (mg/kg ww)
(mg/kg ww)
[Hg concentration] x [% [Hg concentration] + [Hg
Hg increase factor] concentration increase]
European hake 0.08 &+ 0.06 0.32 0.03 0.10
Norway lobster 0.11+0.08 0.30 0.00 0.11
European anchovy 0.02 £ 0.02 0.30 0.01 0.02
Atlantic cod 0.11+0.15 0.32 0.04 0.15
European seabass 0.15 £ 0.20 0.32 0.05 0.20
Swordfish 0.99 +0.54 0.50 0.50 1.49
Common shrimp 0.01 £ 0.01 0.50 0.01 0.01
Atlantic mackerel 0.05 £ 0.00 0.52 0.08 0.08
Blue whiting 0.05 4+ 0.038 0.32 0.02 0.07
Atlantic herring 0.08 £0.13 0.50 0.04 0.13
Great Atlantic scallop 0.00 £ 0.01 0.32 0.01 0.01
Red mullet 0.05 +0.08 0.32 0.02 0.07
Cuttlefishes, bobtail squids 0.02 +£0.02 0.51 0.01 0.03
Min 0.30 0.00 0.01
Max 0.50 0.50 1.49





