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Seafood and other aquatic food (blue food) are often advocated as sustainable protein sources crucial to meeting global food demand. Consumption choices allow citizens to take actions that reduce the environmental burden of food production and tackle the climate crisis. Here we used a high-resolution Spanish national-level dataset collected from 12,500 households between 1999 and 2021 as a study case to assess trends in blue food consumption concerning sources, types and stressors resulting from their production. By aggregating species groups according to source, we found an overall reduction in the consumption of most wild species. For farmed species, we found a pronounced increase in the consumption of carnivorous fish and an overall decrease in low trophic-level species consumption, such as bivalves. Using published studies, we estimated greenhouse gases, nitrogen, and phosphorus emissions to assess trends in environmental footprint. Low performance was associated with the consumption of high trophic-level species intensively farmed in distant regions, such as carnivorous fish, due to high stressor emissions related to their production and transport. Across all groups, consumption of locally farmed bivalves conduced to the lowest stressor emissions, providing an example of ‘net-zero' blue food. Our analysis identified historical trends in the environmental footprint of blue food consumption and consumers' choices that promote environmentally sustainable diets. It also highlights vast differences in the ecological footprint associated with the consumption of aquaculture-sourced protein. Based on our assessment, we recommend refocusing consumption patterns toward farmed species with small environmental footprints, such as locally produced low trophic-level species, and implementing policies that increase consumers' environmental awareness and minimize food production systems' footprints. Considering global blue food demand is predicted to nearly double by mid-century, consumers' choices can significantly impact sustainable production practices and mitigate climate change.
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Introduction

Blue foods (seafood and other aquatic food) play a crucial role in global food security, providing a significant proportion of animal protein to a rapidly growing world population (Naylor et al., 2021a,b; Boyd et al., 2022; Tigchelaar et al., 2022). They are a healthy protein source, rich in essential micronutrients, minerals, and fatty acids (Koehn et al., 2022). Their global consumption is rising (Garlock et al., 2022), with per capita consumption estimated at 20.2 kg in 2020, accounting for 17% of animal protein consumption and reaching over 50% in several countries in Asia and Africa (FAO, 2022). In many countries, blue foods are more accessible and affordable than other animal-sourced proteins (Teh and Sumaila, 2013). Therefore, their production is increasing, and as a result, they are becoming one of the most traded commodities, supporting jobs, livelihoods, and income worldwide (Gephart and Pace, 2015).

However, blue food production has drastically changed in the last decades due to aquaculture's fast expansion and the limited supply of fish from wild fisheries (Sumaila et al., 2016). The share of aquaculture production has nearly overtaken capture fisheries (49.2%, FAO, 2022). In most cases, blue food production systems generally have better environmental performance than other animal-sourced proteins (Gephart et al., 2021; Jones et al., 2022). Sustainable production systems, such as low trophic-level fisheries or bivalve aquaculture, have environmental footprints comparable to that of chicken, one of the most efficient terrestrial animal-sourced proteins (Gephart et al., 2021; Xu et al., 2021). Unfed aquaculture, such as seaweeds and filter-feeding shellfish, can improve water quality through nutrient uptake (Cranford, 2019). However, poorly managed blue foods production systems can have an enormous environmental impact, including habitat degradation, wildlife and biodiversity impacts, nutrient enrichment, and greenhouse gas emissions (Pauly et al., 2002; Naylor et al., 2021a). In addition, many markets rely on imports to meet the national demand for blue foods (Guillen et al., 2019), with transport responsible for a large share of food's final carbon footprint (Ziegler et al., 2013). Therefore, improving production systems and minimizing environmental impacts are vital to sustaining blue food's contribution to food security (Tigchelaar et al., 2022).

Food consumption choices allow citizens to take actions that reduce the environmental burden of food production and tackle the climate crisis. Shifting to balanced, “sustainable healthy diets” has been suggested by Intergovernmental Panel on Climate Change as a significant way of mitigating the worst impacts of climate change (FAO, 2022). Sustainable healthy diets include animal-sourced food produced in resilient, sustainable, and low-emission systems. Reducing the proportion of animal protein in our diets and consuming locally and sustainably produced food can have significant environmental benefits (Tilman and Clark, 2014; Springmann et al., 2016). Therefore, a better understanding of the environmental performance of different types of blue foods from various sources can help promote sustainable diets. Previous analyses of global food balance data (FAO, 2020a) have shown increasing trends in blue food consumption over the last two decades with distinct geographic patterns (Naylor et al., 2021b). However, most analyses have been based on apparent consumption, derived from economic indicators, of blue food aggregated into major species groups, which precludes assessing the relative contribution of different sources, types, and origins.

To understand how changes in consumption trends of fishery and aquaculture products in developed countries with high seafood consumption can help mitigate climate change and environmental impacts, we evaluate the case of Spain. For this purpose, we analyzed a unique 22-year consumption dataset from 12,500 Spanish households, together with trade and environmental performance data. Blue food is a significant part of Spaniard's diet, which has one of the world's highest consumption rates (42 kg per capita in 2019, Figure 1), second in Europe, only behind Portugal (EUMOFA, 2021). The specific objectives of this study case were to assess temporal trends in blue food consumption in relation to (a) type, production source, and species trophic-level and (b) stressors emissions (GHG, nitrogen, phosphorus) resulting from the production of farmed species. Our assessment of historical trends in the environmental performance of blue food consumption aims to guide public policies related to blue food consumption and guide choices that promote environmentally sustainable diets.
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FIGURE 1
 Global blue food annual consumption per capita in 2019.




Methods

Blue food consumption data were extracted from a household food consumption study conducted by the Spanish Ministry of Agriculture, Fisheries and Food www.mapa.gob.es/es/alimentacion/temas/consumo-tendencias/panel-de-consumo-alimentario/series-anuales/. The database comprised monthly data systematically collected between 1999 and 2021 at 12,500 collaborating households, which electronically recorded all purchased food and beverages for home consumption. The survey is stratified at a regional level, with data recorded separately for each of the 17 Spanish autonomous regions. The data do not include food purchases by agents other than households (e.g., companies or tourists) or outside households, such as hospitality establishments, which comprise ca. 20% of the total consumption (APROMAR, 2021). Even though negligible portions may have included wasted food, all purchases were edible. For each food item, price range, volume, consumption, and other economic indicators are provided; however, we focused on per capita consumption in kg as the primary response variable used in subsequent analyses. Details of the methodology used for the surveys can be accessed at www.mapa.gob.es/es/alimentacion/temas/consumo-tendencias/panel-de-consumo-alimentario/metodologia/. All available data (1999–2021) was downloaded and merged, and relevant variables were retained for the analyses, which included time series for 52 unique blue food categories (Supplementary material 1). Data were subjected to extensive quality assurance and exploration, including identifying missing values, checking for questionable values, typos, formatting, and nomenclature consistency. The cleaned regional dataset was then summed at a national level. A range of descriptors was derived for each blue food category, including production source, food type, trophic-level, and stressors emissions associated with their production and transport to Spain. Production source (wild, farmed, or mixed) was derived for each category considered in the analyses based on expert knowledge and existing literature and databases (FAO, 2018; APROMAR, 2021). Most blue food categories were of wild origin, i.e., captured by fishing fleets locally and globally (Supplementary material 1). Farmed species include mussels (Mytilus galloprovincialis), salmon (Salmo salar), European sea bass (Dicentrarchus labrax), rainbow trout (Oncorhynchus mykiss), gilthead seabream (Sparus aurata) and turbot (Psetta maxima) that extensively produced by aquaculture industries. Since wild seabream and seabass account for a negligible proportion of their total consumption (APROMAR, 2021), we considered all consumption of these two species to be farmed. Also, insignificant proportions of consumed salmon were different species from Salmo salar, yet they were not differentiated. A third group referred to as “mixed” included blue foods sourced from a combination of wild fisheries and aquaculture. This group include the categories clams, clams and cockles, cockles, shrimps and prawns, molluscs and crustaceans (except mussels), other fish (tilapia, panga, swordfish, sharks, and blackspot seabream), and other molluscs and crustaceans (Supplementary material 1). Blue foods were further categorized into three product types: fresh, frozen, and preserved. The latter included cooked, tinned, and smoked.

Trophic-level (TL) for each taxon was obtained from FishBase (Froese and Pauly, 2022), accessed through the R library “rfishbase” (Boettiger et al., 2012). TL is defined as the position of a species in the food chain and is calculated as a function of the number, relative contribution to the diet and TL of its prey. It ranges from 1 to 5, where a TL of 2 represents a herbivorous species, while intermediate predators have values around 3.1 and top predators > 4.1 (Stergiou et al., 2009). For taxa identified at a higher level than species, average genus or family level TL values were used. For mixed taxa groups, such as “other molluscs and crustaceans” or “other fish,” average values for taxa in corresponding major groups were used (Supplementary material 1).

To assess trends in the environmental performance of blue foods, standardized estimates of stressors emissions associated with their production were obtained from published sources. Greenhouse gas (GHG), nitrogen and phosphorus emissions were obtained from Gephart et al. (2021), available at (https://github.com/jagephart/FishPrint). These estimates are based on system inventory data (e.g., fuel use, feed use, feed composition, on-farm energy use and yield) from existing life-cycle-assessment studies and literature (Supplementary material 4). Mariculture emissions include those originating upstream (e.g., from finfish feed production), on-farm, and downstream (e.g., transportation). Because nutrient emissions are irrelevant to wild fisheries, we initially calculated GHG emissions associated with the consumption of wild, mixed, and farmed species. These estimates were at the farmgate level, as determining the origin of mixed and wild blue foods can be challenging and, in many cases, uncertain to allow adjusting emissions due to transportation. We use the respective average wild and farmed emissions for the mixed categories. Then we focused on the performance of farmed species only in relation to GHG and nutrient emissions (Supplementary material 5). For this purpose, we adjusted GHG emissions associated with transporting blue food from their respective farming regions. Imported species' GHG emissions were adjusted based on Ziegler et al. (2013), who estimated a 25% increase in emissions associated with salmon production due to transport between Oslo and Paris. Adjustments accounted for differences in distances between the capital of exporting countries and for the proportion of local production. Three of the six farmed species are locally farmed, namely mussels, trout, and turbot; thus, no GHG emission adjustments were required. Salmon is produced in Norway, whereas seabass and seabream are produced locally and in other countries, mainly Greece and Türkiye (APROMAR, 2021). For the latter two species, annual local production proportions were obtained from national aquaculture reports (https://apromar.es/informes/). Average proportions for each species were used for five years where data was unavailable (1999–2012 and 2021). The analysis did not consider other downstream emissions, such as retail, storage, cooking, and waste disposal. Data were processed and analyzed within the R 4.20 programming environment (R Core Team, 2022), using the packages “tidyverse,” “lubridate,” “tsibble,” “fable,” “feasts,” “anomalize.” Monthly per capita consumption data were represented as multivariate time series using the “tsibble” library. Seasonal decomposition models were fitted individually to each time series using the interquartile range method to deseasonalise the data and identify long-term trends. Anomalies in the time series were detected using the generalised extreme studentised deviate method (Paul and Fung, 1991).



Results


Trends of blue foods consumption by source and type

Historically species of mixed sources (farmed and wild) have been the most eaten blue foods by household members, with an average per capita consumption of 1.38 kg (±0.3) per month. The most popular blue food was molluscs and crustaceans (except mussels), particularly fresh, with 0.35 kg (live weight) monthly consumption per capita (Figure 2B). The second most popular mixed blue food group was other fish, which includes tilapia, panga, swordfish, sharks, and blackspot seabream (Figure 2B). The most consumed wild species was hake, with fresh being preferred over frozen hake. This was followed by canned tuna, fresh squid and octopus, anchovies, flounder, and sardines (Figure 2C). Mussels were the most consumed farmed species, mostly fresh, followed by salmon (primarily fresh), seabream, seabass, trout, and turbot (Figure 2A). Monthly total consumption peaked in March 2008 at 3.4 kg per capita and then steadily declined until now, except for a small peak in 2020. Mixed and wild consumption followed a similar pattern to total consumption (Figure 2D). Farmed blue food consumption, while significantly lower than wild and mixed blue foods, almost doubled in the last four decades (Figure 2D).
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FIGURE 2
 Mean monthly per capita consumption of most consumed blue food groups by production source: (A) farmed, (B) mixed and (C) wild, and by type of food (fresh, frozen, and preserved), and (D) monthly time series deseasonalised temporal trends of per capita consumption. Black dots denote anomalies detected with generalised extreme studentised deviate.




Trends in blue food consumption by type

Fresh blue food was the most consumed type, with a mean monthly consumption of 1.67 kg per capita (±0.26 SD, Figure 3A). Frozen and preserved consumption was comparatively lower (0.64 and 0.42 kg per capita, respectively, Figure 3A). All blue food types showed a strong seasonality with a marked consumption peak in December (Supplementary material 3). There was an upward trend in fresh blue consumption from 1999 to 2008–2009, when it peaked at 2.1 kg, then steadily dropped to levels below 1.5 kg per capita in 2021, with the only exception being a small peak in 2020 (Figure 3B). Frozen and preserved blue foods consumption followed a similar trend to fresh blue foods; however, consumption of preserved blue foods did not decrease after the 2008 peak. Both frozen and preserved foods showed a relatively small rise in consumption during 2020 (Figure 3B).
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FIGURE 3
 (A) Monthly time series and (B) deseasonalised temporal trends of blue food consumption (kg per capita) between 1999 and 2021 by food type (fresh, frozen, and preserved). Black dots denote anomalies detected with generalised extreme studentised deviate.




Trends in blue food consumption by trophic-level and source

Blue food consumption trends varied between sources and trophic-levels (TL). The consumption of low TL farmed species (mussels) was relatively constant over the study period. However, a decline in consumption was evident from 2010 onwards (Figure 4A). On the contrary, medium TL farmed species (seabream and seabass) consumption rapidly increased from 2002 up to 2009 and then rose from 2014 onwards. Consumption trends of high TL species (salmon, trout, and turbot) were more variable, but a rapid increase in consumption was evident from 2010 onwards (Figure 4). The consumption of low and medium TL mixed farmed species, which included a range of molluscs, crustaceans, and fish (Supplementary material 1), showed similar trends. Their consumption increased up to 2008 and 2009 and markedly decreased afterwards, except for a small peak in 2020 (Figure 4B). Similarly, the consumption of high TL wild species declined from 2010 onwards. Low and medium TL species consumption was less variable, apart from an increase in the consumption of low TL species in 2007 and a small peak in 2020 (Figure 4C).
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FIGURE 4
 Blue foods monthly consumption (kg per capita) deseasonalised temporal trends (1999–2021) by production source: (A) farmed, (B) mixed, and (C) wild; and trophic-level (low, medium, and high). Black dots denote anomalies detected with generalised extreme studentised deviate.




Trends in stressor emissions associated with blue food consumption

A kilogram of blue food consumed generated an average of 7.5 kg CO2 eq. of GHG emissions, up from 6.9 kg CO2 eq. in 1999. While for farmed blue foods, average emissions increased from 3.7 kg CO2 eq. in 1999 to 6.4 kg CO2 eq. in 2022, wild foods emissions decreased from 8.8 kg CO2 eq. to 7.6 kg CO2 eq. over the same period. Average mixed foods GHG emissions were 8.45 kg CO2 eq. As expected, GHG emissions per capita followed a similar trend to that described for consumption, peaking in 2008 at 26.4 kg CO2 eq. per month per capita, they were then declining until now, except for a small peak in 2020 (Figure 5). While wild and mixed GHG emissions trends resembled that of total emissions, emissions associated with farmed blue food increased four-fold during the study period, peaking in 2021 (Figure 5). However, on average, the GHG footprint of farmed food consumption (1.73 kg CO2 eq. per month per capita) was significantly smaller than that for wild and mixed consumption (7.6 and 12.4 kg CO2 eq. per month per capita, respectively, Figure 5). Across all farmed blue foods, consumption of turbot, mussel and trout generated the lowest emissions levels of all three stressors. Low consumption levels of turbot resulted in low monthly emissions (0.083 ± 0.02 kg CO2 eq. per month per capita, Figure 6A) despite relatively high production-related emissions. In contrast, mussels were responsible for low emissions levels (0.146 ± 0.01 kg CO2 eq. per month per capita) despite relatively high consumption per capita. Most notable, mussel consumption resulted in negative N emissions (−0.013 ± 0.001 kg N eq. per month per capita, Figure 6B) and P (−0.002 ± 0.0002 kg P eq. per month per capita, Figure 6C). A downward trend in mussel consumption resulted in an overall reduction in GHG emissions and a reduction in N and P filtration (i.e., absolute increase) associated with mussel production (Figure 6). Salmon consumption was responsible for emitting 4.4 times more GHG compared to mussels. Similarly, salmon, seabream and seabass consumption were accountable for the highest stressor emissions due to a combination of high per capita consumption and high production footprint. Upward trends in stressors emissions were evident for salmon and seabass, particularly in the last ten years. Contrarily, stressor emissions for seabream were more variable over time and peaked in 2009 (Figure 6). Transport of the three imported farmed species (salmon, sea bream and seabass) accounted for ca. 50% increases in GHG emissions, with local production proportions of seabream and seabass varying between 26.3 and 62.6% and 43.7 and 67.7%, respectively. In all cases, a peak in emissions was evident during 2020.
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FIGURE 5
 Deseasonalised time series (1999–2021) of farmgate greenhouse gas (GHG) emissions associated with monthly consumption (kg per capita) of farmed, wild, and mixed species. Black dots denote anomalies detected with generalised extreme studentised deviate.
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FIGURE 6
 Deseasonalised time series (1999–2021) of stressor emissions: (A) greenhouse gas (GHG), (B) nitrogen, and (C) phosphorus associated with monthly consumption (kg per capita) of farmed species. Black dots denote anomalies detected with generalized extreme studentised deviate.





Discussion

Blue foods are a sustainable source of protein, crucial to meet global food demand. As an essential contributor to food and nutrition security, aquatic food systems must maintain biodiversity and ecosystem services while producing plentiful, nutritious, and safe foods (FAO, 2022). Consumption choices provide an excellent opportunity for citizens to reduce the environmental burden associated with food production systems. Here we used a high-resolution Spanish consumption dataset, spanning 22 years, as a study case to identify long-term consumption trends that translate into distinct patterns of environmental performance due to differences in the ecological footprint of each product. Our analyses evidenced declining trends in the consumption of blue foods from wild and mixed sources in the last two decades. In contrast, for farmed species, there was a pronounced increase in the consumption of carnivorous fish and a decrease in the consumption of mussels. These patterns translate into contrasting stressor emissions, with high trophic-level species responsible for a large share of stressor emissions. The consumption of imported salmon was associated with stressor emissions nearly an order of magnitude higher than the best-performing blue food, mussels. Our results show that consumer choices of blue foods of different sources, species, and origins are associated with disparate environmental footprints. They also evidenced that consumption trends in developed countries, such as Spain, may not be sustainable compared to diets based on the consumption of low trophic-level blue foods, such as bivalves and algae.


Trends in blue food consumption

Global blue food production in 2020 was estimated at 178 million tons, out of which aquaculture accounted for 49.2% of the production and contributed to more than 50% of fish for human consumption (FAO, 2022). At a European level, wild fisheries in 2019 provided a substantially higher proportion (76%) of fish supply (EUMOFA, 2021). Spanish consumption patterns follow a similar pattern, with blue food sourced from a combination of wild fisheries and aquaculture the most consumed, followed by foods obtained exclusively from wild and farmed sources. The most common were fresh molluscs and crustaceans (except mussels), although these estimates might be skewed, given these blue foods' comparatively smaller edible portions. For example, the edible portion of fresh bivalves is only ca. 20%, compared to ca. 60% for fish (Gephart et al., 2021). Consumption of wild blue foods was dominated by hake and tuna. Hake is traditionally the favorite fish of the Spaniards, accounting for 12% of all blue food consumption across the study period. This high demand and the fact that most European hake stocks are over-exploited have triggered a global trade of other hake species, which has caused a significant rise in prices (Asche and Guillen, 2012). This price hike may partly explain the sharp decline in hake consumption over the last two decades. Hake consumption was followed by canned tuna, another central item of the Spanish diet. Tuna consumption has steadily risen over the previous two decades, supporting Spanish tuna canneries that lead European production (68%) and rank second worldwide (García-del-Hoyo et al., 2017). Another essential wild blue food category was small pelagic fish, including anchovies, sardines, and mackerel, to a lesser extent. The consumption of all these low trophic-level species has declined over the years. These species not only represent examples of mostly sustainable fisheries associated with low stressor emissions (Gephart et al., 2021) but also provide the greatest nutritional quality across all forms of aquatic foods (Bianchi et al., 2022; Koehn et al., 2022). Therefore, this shift in consumption trends of wild fish species should significantly affect their ecological footprint and fisheries sustainability.

Regarding farmed species, mussels and salmon were the most popular species, providing specific examples of consumption and production patterns. Mussels are locally produced; salmon is exclusively imported. Mussels are a low trophic-level species extensively farmed that rely on natural resources for food, spat and space; salmon is an intensively farmed high trophic-level species that requires a considerable amount of feed inputs. During the last two decades, mussel consumption has steadily declined, while the consumption of salmon has increased considerably. The introduction and rapid expansion of salmon aquaculture in the mid-1980s have transformed the global blue food market. As a leading consumer, Spain has experienced a significant surge in salmon supply and demand. These changes in the market landscape have led to an increased supply and consequent consumption of salmon in Spain, to the detriment of the consumption of traditional (wild-caught) and farmed species, including mussels (Jaffry et al., 2000). Similarly, the development of seabream and seabass aquaculture helped to shape these changes in the blue food market and consumption patterns. However, the consumption of seabream and seabass has been more variable over time as a reflection of market availability due to fluctuations in production caused by massive escape events, COVID-19, and disease outbreaks (Arechavala-Lopez et al., 2018; Sánchez-Jerez et al., 2022). The consumption of rainbow trout, the only inland blue food locally produced, showed a steady decline over time. Despite that consumption of farmed species was comparatively lower than wild and mixed blue foods, with clear species-dependent trends over the last two decades, it is expected that the overall consumption of farmed species will increase in the foreseeable future as a result of limited wild fisheries supply (Naylor et al., 2021b).

The above-described consumption patterns for farmed species evidenced the “farming-up” effect experienced by the aquaculture industry (Stergiou et al., 2009). The growing demand for medium and high-trophic-level species has sustained an increasing production of carnivorous species, which requires large amounts of animal feed derived from small pelagic fish (Naylor et al., 2000; Naylor and Burke, 2005). The growing demand for carnivorous fish raises ecological and socioeconomic concerns. Large quantities of wild fish suitable for human consumption are turned into animal feed to produce relatively small amounts of fish destined for affluent consumers (Stergiou et al., 2009; Belton et al., 2020). Thus, the role of carnivorous fish aquaculture in food security has been criticized for being a net fish consumer (Naylor and Burke, 2005). However, advances in fish nutrition, genetics, and alternative feed types have significantly reduced the reliance on wild fish for feed formulation in recent years, which has improved the sustainability and the integration of the industry into the global food system (Naylor et al., 2021a). While these new feed sources reduce dependence on wild-caught fish, they also put pressure on terrestrial resources, which face climate change and increasing demand (Blanchard et al., 2017; Cottrell et al., 2018; Zhang et al., 2022). Nevertheless, promoting the consumption of low trophic-level and non-fed farmed species, such as bivalves and seaweeds, can benefit a wide range of food systems, ecosystem services and the overall environmental performance of blue food production.

Contrary, the consumption of wild and mixed seafood notoriously declined over time since 2008, with a change in trend direction that coincided with the 2008 economic recession. Spain was a notorious example of the economic impacts of the 2008 recession, which had cascading effects on food systems and dietary intake (Jenkins et al., 2021). It is typical for low-income consumers often reduce overall food consumption and switch from high- to low-quality starchy staples in response to rising prices and declining purchasing power (Naylor et al., 2021b). This downward trend contradicts the rise in seafood consumption reported for other regions of the world, based on apparent consumption (EUMOFA, 2021) and does not fit with the predicted increase in consumption for most world regions, including Spain, based on economic indicators (Naylor et al., 2021b). These discrepancies highlight the importance of high-resolution national-level data measured by dietary intake instead of apparent consumption deducted from production and trade metrics. It also highlights that other complex and unpredictable factors can drive consumption patterns, such as the COVID-19 pandemic, which coincided with a prominent temporal peak in consumption across most time series during 2020. This increase was most likely the result of closures in the hospitality sector during the pandemic and the consequent increase in “at-home” consumption. The pandemic had widespread consequences not only for aquaculture (Sánchez-Jerez et al., 2022; Sarà et al., 2022) and fisheries production (Bennett et al., 2020; FAO, 2020b; Campbell et al., 2021) but also for seafood consumption patterns (Love et al., 2021; White et al., 2021). The fact that food production systems are already subjected to a multitude of stressors, in most cases modulated by the overarching effects of climate change, underlines the need for more resilient adaptation programs and recovery plans for the industry (Sánchez-Jerez et al., 2022).



Trends in blue food stressor emissions

Food production has an enormous environmental impact. It causes 35% of global GHG emissions (Xu et al., 2021), is responsible for 78% of the worldwide ocean and freshwater eutrophication (Poore and Nemecek, 2018) and uses 70% of global freshwater for agriculture (FAO, 2011). From a conservation perspective, wild-sourced blue foods are rarely sustainable; despite that several ecolabelling schemes to promote their sustainability (Ministerio de Agricultura, 2012), most fisheries are over-exploited and have significant impacts on biodiversity (Pauly et al., 1998, 2002; Thrush et al., 2015). In addition, most contribute significantly to GHG emissions through fuel use Gephart et al., 2021). Although aquaculture is among the most sustainable forms of animal production systems, it still faces considerable challenges that undermine its environmental performance. Here we focused on nutrients and GHG emissions. However, other aquaculture-related stressors include diseases transmission (Naylor and Burke, 2005), antibiotic loads (Schar et al., 2020), habitat destruction (Ahmed and Thompson, 2019), and risks associated with fish escapes (Naylor et al., 2001; Atalah and Sanchez-Jerez, 2020), among others (Naylor and Burke, 2005). Feeding is the most significant contributor to both nutrient emissions and the carbon footprint associated with the production of carnivorous fish. For nutrient emissions, uneaten feed and fish waste (feces and excretions) are additional related sources. Intensive aquaculture is invariably associated with nutrient enrichment, often leading to anoxic and azoic conditions in adjacent habitats (Holmer et al., 2005). Because of the significant feed dependency, greenhouse gas emissions followed a similar pattern. Not surprisingly, the consumption of carnivorous fish raised in sea-pen systems, such as salmon, seabass, and seabream, was associated with high emissions, with salmon emissions displaying a clear upward trend. Although seabream and seabass production is related to higher nutrient emissions than salmon, their relatively lower consumption led to comparably minor emissions. European seabass and seabream cage farms in the Mediterranean typically have feed conversion ratios around 2:1, although they can reach a maximum of 3:1 during winter and spawning times (Sadek et al., 2004). These ratios are very low compared to those for Atlantic salmon and rainbow trout, which can be as high as 1:1 (Fry et al., 2018) and partly explain the differences in production emissions. Although a large proportion of turbot and virtually all trout are raised in land-based systems that use feed more efficiently, which in turn reduces the generation of excess wastes, they still can generate considerable nutrient emissions that, if released in an uncontrolled manner, can impact aquatic ecosystems.

Transport was also a major contributor to greenhouse gas emissions. This contrast with other production systems, where transport typically accounts for less than ca. 5% of GHG emissions (Poore and Nemecek, 2018; Sandström et al., 2018). Aquaculture GHG emissions are modest compared to those for terrestrial livestock production, mainly due to the absence of enteric CH4 and the relatively low feed conversion ratios of finfish and shellfish (MacLeod et al., 2020). Frozen and fresh blue foods' carbon footprints were similar. Frozen foods are more efficient to transport as they do not need ice; hence, more can be loaded per truck or container (Ziegler et al., 2013). In the European Union, there is a decreasing trend in its internal production compared to world growth, mainly due to the low development of aquaculture. This implies the need to import large quantities of aquatic products each year, some 9.4 million tons in 2019 (0.2% more than in 2018) and 3.1% more than the average since 2011. For example, nearly half of all seabass and seabream consumed in Spain over the study period were imported from other countries. In 2020 only 26% of all consumed seabream was locally produced. The reliance on imported produce to satisfy local demand, facilitated by the market globalization of blue foods, highlights the significant impacts on the environmental performance of blue foods (Guillen et al., 2019).

Across all species, consumption of locally farmed bivalves was associated with the lowest stressor emission, providing an example of “net-zero” blue food. Spain is the largest mussel producer in Europe, supplying nearly all the demand for mussels. Shellfish farming provides vital ecosystem services such as sequestering nutrients and suspended particulate matter (Suplicy, 2020). Bivalve filtering converts phytoplankton and particulate organic matter into bivalve tissue (Petersen et al., 2016). Nutrients are then extracted from the coastal environment when mussels are harvested. In addition, higher denitrification rates underneath and near mussel farms contribute to nitrogen loss into the atmosphere (Lindahl, 2011; Petersen et al., 2019). In terms of GHG emissions, despite that shell-formation sequester dissolved inorganic carbon into a particulate form, it also tends to release more CO2 into the atmosphere (Martini et al., 2022). Thus, mussel aquaculture is considered a net source of CO2, with a lower carbon footprint than other local marine products (Iribarren et al., 2010).



Final remarks and recommendations

Blue foods play a vital role in world food security and economic and social development, with a much lower environmental cost and increased benefits than other animal protein sources for human consumption. Given the projected near doubling of global blue food demand by mid-century and the exponential growth in production needed to meet this demand, political consumerism affecting consumers' choices can play a crucial role in ensuring sustainable production practices. For that, lines of political actions that promote the climate empowerment of consumers, in consonance with the recommendation of the United Nations Framework Convention on Climate Change, are required to denote work under Article 6 of the Convention (1992) and Article 12 of the Paris Agreement, related to Action for Climate Empowerment. The most meaningful change people can make to reduce food-related stressor emissions is to consume less animal protein. However, switching to diets based on more sustainable foods could be nearly as effective as going vegetarian (Springmann et al., 2016). For example, carbon emissions associated with wild blue foods are six times lower than beef (Gephart et al., 2021). Moreover, moving from a carnivorous fish diet to a mussel diet could reduce stressor emissions by nearly an order of magnitude. Favoring local over imported seabream and seabass could reduce GHG emissions by a third, while choosing locally produced trout reduced them by two-thirds. Similar gains could be accomplished by favoring sustainable wild-caught blue food, such as anchovies and sardines, over carnivorous fish, shrimps, or prawns. Aquaculture holds the potential to improve the sustainability of diets; however, the vast differences in the environmental performance of various types of farmed species need to be considered for it to reach its full potential. According to consumption and emissions trends, we recommend targeting species and production methods that perform better in nutrition and climate, as well as reducing emissions. For fed finfish aquaculture, this includes sourcing feed and juveniles from local facilities, reducing feed conversion ratios, optimizing feed use to minimize waste, and farm spatial planning that minimizes impacts on blue carbon habitats (Jones et al., 2022). Policy efforts should focus on promoting education and awareness to encourage more sustainable and healthy consumption patterns, food labeling and accreditations schemes to help identify sustainable products (e.g., ISO 14067:2018) and reduce blue food and packaging waste to improve the environmental footprint of citizens' diets. Besides the vast potential of blue foods, future development of production systems must be based on the sustainable use of natural resources that minimize potential environmental impacts and promote climate change mitigation.
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