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Climate-driven changes in aquatic environments have already started to affect the European aquaculture sector’s most commercially important finfish and shellfish species. In addition to changes in water quality and temperature that can directly influence fish production by altering health status, growth performance and/or feed conversion, the aquaculture sector also faces an uncertain future in terms of production costs and returns. For example, the availability of key ingredients for fish feeds (proteins, omega-3 fatty acids) will not only depend on future changes in climate, but also on social and political factors, thereby influencing feed costs. The future cost of energy, another main expenditure for fish farms, will also depend on various factors. Finally, marketing options and subsidies will have major impacts on future aquaculture profitability. Based on the framework of four socio-political scenarios developed in the EU H2020 project climate change and European aquatic resources (CERES), we defined how these key factors for the aquaculture sector could change in the future. We then apply these scenarios to make projections of how climate change and societal and economic trends influence the mid-century (2050) profitability of European aquaculture. We used an established benchmarking approach to contrast present-day and future economic performance of “typical farms” in selected European production regions under each of the scenarios termed “World Markets,” “National Enterprise,” “Global Sustainability” and “Local Stewardship.” These scenarios were based partly on the IPCC Special Report on Emissions Scenarios framework and their representative concentration pathways (RCPs) and the widely used shared socio-economic pathways (SSPs). Together, these scenarios contrast local versus international emphasis on decision making, more versus less severe environmental change, and different consequences for producers due to future commodity prices, cash returns, and costs. The mid-century profitability of the typical farms was most sensitive to the future development of feed costs, price trends of returns, and marketing options as opposed to the direct effect of climate-driven changes in the environment. These results can inform adaptation planning by the European aquaculture sector. Moreover, applying consistent scenarios including societal and economic dimensions, facilitates regional to global comparisons of adaptation advice both within and across Blue Growth sectors.
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INTRODUCTION

The impacts of climate change threaten future global food production including seafood production. While effects of climate change on fish resources have already been observed (e.g., Free et al., 2019), more markedly consequences on fish production are expected in the future. In 2013, aquaculture overtook fisheries as a source of aquatic products for human consumption and the continued per capita supply of seafood is expected to be completely fueled by increases in aquaculture (OECD-FAO, 2018). The impacts of climate change on fish stocks and their consequences for wild-capture fisheries have been investigated both globally and for specific, regional fisheries (Allison et al., 2009; Sumaila et al., 2011; Dey et al., 2015). There are comparably few studies, however, examining the biological and economic effects of climate change to the aquaculture industry (Ekstrom et al., 2015; Froehlich et al., 2018).

Water temperature is a key factor influencing the physiology and ecology of fish species (Pörtner and Peck, 2010; Frost et al., 2012; Neubauer and Andersen, 2019). Anthropogenic-induced warming of aquatic habitats (marine and freshwater) as well as altered precipitation patterns are expected to have direct and indirect implications for aquaculture such as altering health status, growth performance, and/or feed conversion efficiency of farmed fish (Reid et al., 2019). The impacts of climate change on aquaculture are not necessarily all negative. Warmer temperatures may also be associated with longer growing seasons, faster growth rates, and lower natural winter mortality depending on the region, species and farm (Li et al., 2016; Weatherdon et al., 2016). On the other hand, climate change could alter the intensity and/or frequency of extreme weather events such as storms (Seneviratne et al., 2012; Bouwer, 2019) increasing damage to farm infrastructure (Reid et al., 2019). The potential economic consequences of these physical changes in marine and freshwater systems range from increases in the costs of investments (e.g., new equipment, increased insurance coverage, amount and type of feed, treatments against disease) to reduced marketable volumes and consequently lower returns.

The availability of aquaculture feed components rich in omega-3 fatty acids, such as fishmeal and fish oil (FMFO), will not only depend on future changes in climate but also societal and political factors (Mullon et al., 2009; Merino et al., 2012). These will, in turn, impact feed costs. Furthermore, energy costs are subject to change, especially in the long term (Sato et al., 2019) with direct effects on the aquaculture sector as a primary energy user as well as indirect impacts on feed costs. Electricity prices depend on fuel and CO2 prices (Panos and Densing, 2019). Fuel prices, on the other hand, are inherently volatile due to the influence of various technological, political, and economic factors including tax policies (Heat Roadmap Europe D 6. 1., 2017). Finally, fish prices (market returns), are another key factor determining profitability. Similar to other commodities, fish prices depend on supply and demand with the latter a function of the size of the global population, the level of income and the extent of urbanization (Delgado et al., 1997; Béné et al., 2015) as well as dietary habits. Furthermore, profit and infrastructural development of fish farming depends, in some cases, on public subsidies. Although public payments vary considerably among countries (Guillen et al., 2019) and between regions and species, for some production systems, subsidies can substantially contribute to overall returns (e.g., Lasner et al., 2020).

Few studies have quantitatively analyzed the economic consequences of climate change on aquaculture production. Previous studies have focused on regional assessments in emerging or developing countries, or have often used qualitative methods and have not compared impacts based on broadly applicable scenario frameworks (e.g., Li et al., 2016; Chan et al., 2017; Asiedu et al., 2019). Some previous studies have concentrated on how shifts in specific markets or environmental drivers affect aquaculture production and trade on global or European levels (Delgado et al., 2003; World Bank Report, 2013; Kobayashi et al., 2015; Narita and Rehdanz, 2016). We suggest that the most robust approach is to conduct more holistic analyses that are based on a consistent set of plausible alternative futures including future developments in political, economic, social, technological, legal, and environmental factors, also known as a ‘PESTEL’ approach (Aguilar, 1967; Johnson and Scholes, 2002).

Four different climate change future scenarios were developed within the EU H2020 project climate change and European aquatic resources (CERES), based on selected combinations of the Intergovernmental Panel on Climate Change (IPCC) Special Report on Emissions Scenarios framework and their representative concentration pathways (RCPs) and the more recent ‘Shared Socio-economic Pathways’ (SSPs; O’Neill et al., 2014; van Vuuren and Carter, 2014). While the RCPs describe possible trajectories of future greenhouse gas (GHG) concentrations, the SSPs describe future societies in which climate change mitigation and climate change adaptation are more or less easily accomplished, without explicitly considering climate change itself (Pinnegar et al., under review). RCP8.5 was chosen as a worst-case scenario while RCP4.5 represents climate mitigation strategies that lead to about half of the GHG emissions and atmospheric concentrations compared to RCP8.5 by 2100. Each was combined with two SSPs to define and analyze feedbacks between climate change and socioeconomic factors: World Markets (RCP8.5, SSP 5), National Enterprise (RCP8.5, SSP3), Global Sustainability (RCP4.5, SSP1), and Local Stewardship (RCP4.5, SSP2) and are described in detail by Pinnegar et al. (under review).

A condensed overview of these four scenarios, including their contrasting elements with regard to environmental, technological, or economic developments as well their global or local focus, is provided in Figure 1. The essences of these scenarios were co-created with stakeholders using both internal and external International Council for the Exploration of the Sea (ICES)/ North Pacific Marine Science Organization [PICES (as this is a nickname for a Pacific ICES)] Working Groups (WGs) CERES project workshops (see Pinnegar et al., under review). The World Markets (WM, RCP8.5, SSP5) scenario corresponds to a future with open markets where the primary objective is generation of wealth with high fossil fuel utilization and, consequently, less regard for the environment consequences. This global scenario is characterized by a rapid technological progress and few legal restrictions on business. In the National Enterprise (NE, RCP8.5, SSP3) scenario, the primary objective is national food security and maintaining employment opportunities with declining investments in education and technological development. Fossil fuel dependency is high and resource intensity growing. In the Global Sustainability (GS, RCP4.5, SSP1) scenario, society embraces a global approach to sustainability with improved resource productivity, investment in environmental friendly technology and strong international collaboration facilitating climate change mitigation. The Local Stewardship (LS, RCP4.5, SSP2) scenario emphasizes local solutions for self-sufficiency including environmental values and actions to sustainably utilize local resources. Technological development is low and less focus is placed on using international mechanisms to combat environmental issues.
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FIGURE 1. Conceptualization of the four climate change and European aquatic resources (CERES) scenarios in terms of impact and adaptation. Direction of the arrows indicates an increasing development/impact. Double arrows indicate diverging socio-political focus.


Based on these four socio-political scenarios, stakeholder perceptions and model outputs (for future price developments for feed ingredients, production costs and market returns) were combined to create plausible future conditions for Europe’s most commercially and/or culturally important components of the aquaculture farming sector (Figure 2). Future price trends for each of the four CERES scenarios were derived from the global MAGNET model [see Woltjer and Kuiper (2014) for the model description and van Meijl et al. (2020) for the assumptions for each of the SSP scenarios and results for the agricultural sector] as well as the FMFO model (based on Mullon et al., 2009). These scenario-specific price trends were then applied to “typical farm models” (Lasner et al., 2017) to estimate profitability in the year 2050 for Norwegian salmon and German carp farms, two case studies providing good contrasts in PESTEL elements.


[image: image]

FIGURE 2. Dataflow and models involved in the application of climate change and European aquatic resources (CERES) aquaculture scenarios. Stakeholder (SH) engagement within different steps is indicated as “SH” and by related icon. FCR, feed conversion ratio; S. analysis, sensitivity analysis.


Summarizing the three objectives of the present study, we will (1) introduce a flexible scenario framework that can be applied to a wide range of aquaculture production systems; (2) define semi-quantitative model input parameters from the scenario narratives, (3) explain how these scenarios were applied for the typical farm approach in two cases. Using this scenario framework, we hope to provide improved advice for climate adaptation planning to both the industry and policymakers. Although the majority of the European aquaculture sector has shown little growth in the last decade and contributes relatively little compared to global leaders, Europe is the largest consumer of seafood in the world (FAO, 2018) and the gap between this consumption and the amount provided by wild fisheries continues to increase.



METHODS – OPERATIONALIZATION OF THE SCENARIOS

The general framework of the socio-political scenarios developed in CERES is described by Pinnegar et al. (under review). When defining the scenarios, not only the IPCC RCPs and SSPs were considered, but also the ‘PESTEL’ framework (Johnson and Scholes, 2002) was taken into account as a reminder of the factors that might have an impact on aquaculture in these different envisioned futures. These scenarios narratives were operationalized for use in specific economic models by further developing quantitative aspects of future trends and changes in key aquaculture variables. Details needed in these scenarios to run economic models were sourced from unpublished (gray) literature, outcomes of an aquaculture workshop conducted by CERES, taken from unpublished model results, and scenarios were co-developed and later interrogated by expert stakeholders. The following sections outline relevant aspects to be considered when building scenarios using the PESTEL approach (Table 1).


TABLE 1. Summary of the variables applied within typical fish farms for the four climate change and European aquatic resources (CERES) scenarios: Overall future nominal price trends for fish, fuel, electricity, and fish feed ingredients are given for the year 2050 relative to 2016.
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P – Political Factors

European Union structural funds [e.g., European maritime and fisheries fund (EMFF)] or direct payments may provide support to aquaculture producers. Although the situation across the different EU countries is diverse (see Guillen et al., 2019), a number of production systems receive public payments as additional returns. These payments can, for example, be provided for extensive production or to compensate for insularity. As globalization is expected to lead to a de-regulation of markets and decreased taxes, we assumed that subsidies were eliminated under the global, profit oriented World Markets scenario. Under the Global Sustainability scenario, subsidies were only maintained if culture techniques related to environmental goals (e.g., extensive production). Under the two local scenarios, National Enterprise and Local Stewardship, current subsidies were assumed to remain unchanged (reference year 2016).

Energy or carbon emission reduction policies might have effects on industries dependent on energy and agricultural commodities (in fish feed) such as aquaculture. Thereby, land-use changes like the extents of forested land or land utilized for bioenergy purposes may affect agriculture in different ways. Within the CERES scenarios, land-use changes become most effective under the Global Sustainability scenario with an increase in protected areas, whereas the present-day extent of protected areas was maintained in the future under the World Markets and Local Stewardship scenarios. For the National Enterprise scenario only current strictly protected areas were maintained [according to categories 1–4 of the World Database on Protected Areas (WDPA)].

Trade policy sets the direction of trade and often has substantial influence on prices. Under the two global scenarios (World Markets and Global Sustainability) the current import tariffs and export subsidies for all commodities are abolished. For the World Markets scenario, non-tariff barriers for exports of agri-food products from low-income countries to high-income countries are introduced. For the Local Stewardship scenario, no change in tariffs or subsidies is assumed, whereas under the National Enterprise scenario an increase of import tariffs for agri-food products by 10% points is introduced by 2050. These assumptions have subsequent effects on all future price trends applied within the CERES model simulations (crude oil, electricity, fish, and agricultural commodities).



E – Economic Factors

Besides the prices of the aforementioned input factors, fish price itself is influenced by global commodity markets and changes in supply and demand. Projections of change in the price of energy, as well as fish and plant ingredients in fish feed, were derived from the general equilibrium MAGNET model (Woltjer and Kuiper, 2014). Similar to our study, that model is also based on the SSPs and uses the same assumptions for Gross Domestic Product (GDP) and population development (Doelman et al., 2018) that underlie the four CERES scenarios. Pinnegar et al. (under review) provide a more detailed description of how future price trends of crude oil (fuel) and fish price were implemented and the comparison to other sources for these projections. We apply the same method to price projections for electricity and plant-based commodities. Unlike fuel which is globally traded, power and electricity are traded on the European market, where changes in prices for electricity and oil, however, were found to be correlated (Madaleno et al., 2015). Hence, an indirect impact by global market developments was expected. Moreover, no other suitable source was available that matched the scenarios and mid-century RCP time slice. The following sections provide details on price projections for ingredients of fish feed and the calculation of future prices of fish feed.


Fishmeal and Oil

Future FMFO prices under each of the four CERES scenarios were taken from mid-century projections made by the FMFO model. This model (Mullon et al., 2009) captures the geographically dispersed global FMFO market representing 80% of all production and consumption flows and was parameterized for the CERES scenarios. In addition to the ecological and societal factors already mentioned in the above sections, further economic elements were included to explicitly account for future changes in FMFO prices. First, fuel price assumptions (see Hamon et al., under review, Pinnegar et al., under review) were used for fishing fleets to enable variation in operation costs to be considered. Rates of investment, depreciation, and capital remuneration depended on the amount of technological progress assumed by a scenario. In particular, rates of investment were considered to be higher in the World Markets and Global Sustainability scenarios due to the openness of economies and the race to maintain competitiveness in the global market. A similar argument also supported the higher rate of depreciation costs used in the World Markets and Global Sustainability scenarios due to the technological progress under these specific scenarios.



Fish Feed Price

The composition of species-specific diets and their ingredient’s proportions based on literature were verified by relevant stakeholders from the fish feed and farming industry. All plant protein and plant sourced ingredient shares other than vegetable oil were combined as “plant products other than oil.” This simplification was necessary as future price projections were not available specifically for fish feed ingredients, but an average of the available price projections for “wheat and meslin,” “other grains,” and “oilseeds,” based on the Global Trade Analysist Project [GTAP] (2007) database (Version 8), were used. The current raw material prices for plant commodities per unit weight were obtained from European Commission (2019), Food and Agriculture Organization of the United Nations (2019), and The World Bank (2019) databases and those for FMFO from the IndexMundi, 2019 database and a commodity statistics report (Globefish, 2019). Based on these prices, raw material costs per ingredient share (according to the fish feed composition defined within the first step) were calculated. For the merged category of “plant products other than oil,” the prices for wheat, grains and oilseeds were averaged. No difference between the prices for conventional marine ingredients and those deriving from by-products (raw material recycled from food fish processing) was made due to a lack of available data. The difference between total raw material cost and price per kg feed was categorized as “other costs” including those for other specific ingredients (e.g., land animal protein, vitamins, minerals) and those associated with the production of the feed as well as the profit margin of the fish feed producers.

In a final step, the future changes in price for fish feed ingredients were applied to the absolute cost allocation per fish feed ingredient previously calculated. For the category “other costs” an inflation factor of 2% per year was implemented (see section “Inflation Rates and Other Costs”). The overall percentage change for nominal prices for fish feed ingredients between the year 2016 and 2050 derived from the MAGNET and the FMFO model is given in Table 1.



Inflation Rates and Other Costs

Future inflation rates will likely vary among our four scenarios characterized by different underlying assumptions on how trade and GDP will develop in the future. Inflation, however, is difficult to predict (Berkhout et al., 2002) and in the absence of respective modeling, we applied a consistent inflation factor of 2% per year for all scenarios, continuing projected trends (United States Department of Agriculture [USDA], 2019). This was implemented for all costs where future price trends under the selected SSPs and RCP’s were not available. Among them are aquaculture input costs, such as labor or fingerling costs and feed price shares deriving not from raw material.



Price Variation

As mentioned above, factors such as income, urbanization, taxation, or land-use changes may influence future commodity price trends and were considered within our four scenarios. In addition, there are further impacts on price developments and a certain volatility has to be taken into account when projecting future prices. Agricultural commodity markets are particularly volatile due to price fluctuations caused by natural shocks such as inclement weather or pests; the fact that demand elasticities are small, and a lagged response between supply and price exists (FAO et al., 2011). With respect to our scenarios, price volatility is assumed to be higher under the two scenarios with more pronounced physical and biogeochemical effects of climate change as associated with RCP8.5 (Diffenbaugh et al., 2012). This might be further pronounced in the National Enterprise scenario in which adaptive capacity is assumed to be low.

In order to consider potential price variation around the 2050 price trends used, a range was set around the MAGNET energy, fish and fish feed component price trends as well as those derived from the FMFO model. As described by Pinnegar et al. (under review), historical price variability was used to define the future range in fish (FAO Fishery and Aquaculture Commodities statistics, 2019) and crude oil prices (Organisation for Economic Co-operation and Development [OECD], 2019). Future price variation in different fish feed ingredients was based on historical variability captured in the databases for current prices. Variation in the price of electricity within Europe was based on the Eurostat database (2019) database. Historic data coverage was commodity-specific. Annual data were mostly available from 1980 to 1990 onward, for European electricity prices, however, data were only available from 2008 onward. A generalized additive model (GAM) with a gamma distribution was fit to the general trend of the non-normally distributed historic price data. The upper and lower 95% confidence limits were calculated by determining the standard error of the model fit. Further, the proportional deviation of the highest fit value was used to build the upper and lower range of the projected future price output of the MAGNET and FMFO model (see Pinnegar et al., under review) and applied within a sensitivity analysis as explained in the following.

The historical range in the various prices was implemented to conduct Monte Carlo simulations for costs and returns in Microsoft Excel (2016 version). In total, 1,000 iterations of typical farm operating earnings [returns (= fish prices) minus cash costs (including feed and energy prices)] were calculated with energy, feed and fish prices varying randomly between the pre-defined price ranges superimposed on the price projected for 2050. From the average of the resulting operating earnings, twice the standard deviation was added/subtracted in order to cover > 95% of the expected future operating earnings between the defined price ranges and thereby their sensitivity to price changes.




S – Social Factors

Social factors focused on representing future changes in consumer acceptance and associated buying trends. The domestic focus of the two local (National Enterprise and Local Stewardship) scenarios is reflected in increased opportunities for regional marketing. These opportunities were not assumed to be available under the two globally operating (Global Sustainability and World Markets) scenarios. Regional marketing strategies were assumed to achieve premium prices for species or products with regional market demand that are attributable to their geographical origin certified as “protected geographic indications” (PGI).

Consumer acceptance of feed ingredients is also shaping the sector’s practices and, hence, the sector’s profitability. Acceptance of genetically modified (GM) organisms or the source of protein (land animal, versus marine animal versus vegetable meal) may change prices of fish feed (Shepherd et al., 2017; Sprague et al., 2017). The impact of protein source substitution was included in the CERES scenarios by using a demand flexibility parameter in the FMFO model, which accounted for the presence of substitutes to the FMFO commodities. In the World Markets and Global Sustainability scenarios, demand flexibility was assumed to be high (greater substitutes for expensive FMFO) due to a wider range of available alternatives, while demand flexibility was considered to be low in the local (National Enterprise and Local Stewardship) scenarios (World Economic Forum, 2018). The future demand for fish was scenario-specific and linked to population growth. The National Enterprise and Global Sustainability scenarios had the highest and lowest global population growth rates, respectively (Kc and Lutz, 2017).



T – Technological Factors

The four CERES scenarios made different assumptions on technological progress consistent with the SSP narratives (Popp et al., 2017; Pinnegar et al., under review, Figure 1). The World Markets scenario was characterized by a high technological development, as well as under Global Sustainability, where best practices are rapidly and globally distributed. Technological advancement is slower under the Local Stewardship and even more under the National Enterprise scenario.

Similar assumptions have been made for the agriculture sector including feed crops where the most pronounced increase in crop productivity occurs under the World Markets and Global Sustainability scenarios. Advances in technology are driven by the limited availability of land (Global Sustainability, more land is protected) or via increased GDP (World Markets) which indirectly stimulates technological development.

The technological progress was also embedded indirectly within feed technology and development of marine protein and oil substitution. Technological progress in FMFO production was included within the FMFO model through economic variables. Specifically, variation in the cost of meal and oil production, depreciation and return on investment was varied and described in more detail under section “E-Economic Factors”.



E – Environmental Factors

Environmental concerns of the industry include impacts of climate change on the growth physiology of cultured animals as well as consequences on farming systems and the maintenance of production. Water temperature and quality can directly alter growth performance, feed conversion efficiency and the health status of cultured poikilothermic animals or can indirectly influence farm performance through changes in the occurrence of pathogens or harmful algal blooms (Brander, 2007; Neuheimer et al., 2011; Barange et al., 2018; Froehlich et al., 2018; Reid et al., 2019). To reflect environmental changes, physical and biochemical model results (CERES D1. 3, 2018) and individual growth models for selected target species were integrated into the well-tested FARM population model for simulating future harvest weight and feed conversion rate (FCR) ranges (Ferreira et al., 2009, 2012; Nunes et al., 2011; Saurel et al., 2014; Cubillo et al., 2018) under the two different GHG concentration trajectories RCP 4.5 and 8.5.

The FCR measures the feeding efficiency and was estimated for the grow-out production starting at fingerling size for typical farms. Final harvest weight attained at the end of the production cycle was chosen as an indicator for growth performance. The duration of the production cycle was fixed based on data obtained for a reference year (2016). Within a 20-year time slice [model-dependent 2030–2050 (Norwegian waters) or 2040–2060 (other European waters)], the warmest and coldest year was used to model harvest weight and FCR in order to capture the effects of future temperature variability.

The FMFO model (Mullon et al., 2009, 2016), a coupled ecological-economic model, captured climate impacts on small pelagic fish within RCP4.5 and RCP8.5 in the four CERES scenarios. Thereby, more severe latitudinal shifts of small pelagics were projected under RCP8.5 (Jones and Cheung, 2014; Jones et al., 2015) compared to RCP4.5 (Weatherdon et al., 2016). The model also accounted for differences in intrinsic rates of growth of populations of pelagic fish based on life history traits (e.g., small, fast-growing pelagics fished in Peru and Chile compared with slower-growing species fished in Nordic countries such as Denmark, Norway and Iceland; Mullon et al., 2009, 2016).



L – Legal Factors

A number of scenario-specific regulatory factors are of concern to the aquaculture sector. One indirect legal factor that was considered is the total allowable catch (TAC) of small pelagic fish used for FMFO production. These TACs were aligned with the levels of exploitation rates developed in the CERES scenarios created for fisheries (Hamon et al., under review) and ranged from 0.6 of the exploitation rate associated with the maximum sustainable yield (MSY) in the Global Sustainability scenario to 1.1 of the exploitation rate associated with MSY in the National Enterprise scenario. No additional direct factors (discussed in section “Discussion”) were included within our analysis.



Economic Model Approach

For the economic assessment of climate change impacts on the most important finfish species to European aquaculture, the typical farm approach was applied as a baseline for farm-level projections. Essentially an engineering approach, cost and return structures of typical farms were modeled applying empirically grounded, realistic price, and volume structures for farm inputs and outputs (Isermeyer, 2012; Walther, 2014). Representative farm datasets for selected production regions were built using both qualitative sampling methods, such as focus groups and expert interviews, and from quantitative farm statistics. Each farm-level dataset was comprised of a maximum of 548 variables and allows micro-economic analyses after the structure is discursively validated with stakeholders for its coherence (see Lasner et al., 2017). Within CERES, future price trends, assumptions on subsidies and regional marketing (Table 1), as well as temperature-driven changes in harvest and feed volumes, were applied to typical farms defined for a reference year (2016) to calculate mid-century profitability. These included multiple species (rainbow trout, carp, Atlantic salmon, European sea bass, sea bream, and blue mussel) farmed across a total of ten countries in the European region (Germany, Denmark, Ireland, Norway, United Kingdom, Netherlands, Spain, Poland, and Turkey) within various production systems. The present study provides results for two typical farms as case studies: Atlantic salmon grown in Norwegian farms and carp grown in German farms.




RESULTS


Application of the Scenarios


Fishmeal and Fish Oil

An increase in nominal prices across all scenarios is observed for both fishmeal and fish oil (Figures 3A,B). The magnitude, however, varies between scenarios with the local scenarios (National Enterprise and Local Stewardship) showing higher prices compared with the global scenarios (World Markets and Global Sustainability). More specifically, the National Enterprise scenario generates the highest prices for fishmeal at 3,030 U.S. Dollar (USD) per ton and fish oil at 2,551 USD per ton in 2050 followed by the Local Stewardship scenario. While the Global Sustainability scenario shows the lowest prices for fishmeal prices at 1,685 USD and fish oil at 1,734 USD in 2050 with the World Markets prices slightly higher.
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FIGURE 3. Future price development of fish oil (A) and fishmeal (B) in USD/ton under the four climate change and European aquatic resources (CERES) scenarios.


One of the main explanatory variables for these observed price differences between the global and local scenarios is the assumption of demand flexibility. In the global scenarios (World Markets and Global Sustainability) it is assumed there would be an increased presence of substitutes to the FMFO commodities from more extensive competition. This puts downward pressure on prices keeping them low. In the local scenarios (National Enterprise and Local Stewardship), demand flexibility is assumed restricted and introduces scarcity into the model which becomes further pronounced with increasing demand from growing human populations.

Fluctuations in price can also be seen across time and scenarios. This is explained by the dynamic and recursive nature of the model which is run sequentially over 1-year periods until mid-century (2050). The model solves for the ecological variables, such as recruitment and latitudinal shifts, and the economic variables such as investment, depreciation and consumer demand for each year and then uses these results as the starting point for the next 1-year period. Allowing the variables to evolve in this way and to be constantly updated in the model results in the variability observed.

A sensitivity analysis of the results was carried out by changing fuel prices, which was considered to be one of the most uncertain variables in the model. The model was run across the scenarios at a price increase of 1% per year and 4% increase per year compared to the base run which considered a price increase of 2.6% per year. Large variations in the results are observed ranging from a 13% decrease to a 30% increase for the year 2050 across scenarios. These uncertainties require the projected FMFO prices to be used with caution but still seen as useful for exploring possible futures and ranges in prices.



Energy and Plant Fish Feed Ingredient Price Trends

When considering all future price trends, the most pronounced increase was for energy resources including crude oil and electricity with, over all scenarios, 130–160% higher prices than today. Fish price trends were comparably consistent over the four scenarios (57–76%). Together with FMFO price projections (14–92%), and in contrast to the other commodities, these were at the lower range of price increase. The price development of electricity prices was strongest under the two global scenarios. The prices of all other commodities markedly increased in both local scenarios (Table 1). Electricity price is mostly dependent on demand and supply, whereas the dependency on primary energy carrier prices is around one third of the price of electricity.

As mentioned above, scenario-specific differences in future world population size, income, capital, international trade, agricultural expansion, and technological progress are the major drivers of future prices in food commodities. The smallest increase in price for agricultural commodities was in Global Sustainability in which future demand was lowest, agricultural yield per unit area was relatively high and global trade was encouraged by low tariffs. The prices for agricultural commodities increased the most in the National Enterprise Scenario in which world population growth was high, increases in agricultural productivity were modest and international trade was restricted.



Fish Feed Composition and Price Development

The composition of fish (grower) feed was, to some degree, species-specific (Figure 4), but the overall composition of the diets for rainbow trout, sea bass/sea bream and Norwegian salmon was similar. In Europe, land animal protein was not part of salmon feed but included in diets of rainbow trout and sea bass/sea bream (Figure 4). Moreover, the feed used for sea bass and sea bream consisted of a higher proportion of fishmeal compared to other species. The comparably high share of marine ingredients for organic salmon was due to the use of fish by-products. Because these by-products are lower in protein, greater amounts were used in feed formulations. As to the traditional carp production in ponds, they were characterized by supplementary feeding of grains and wheat in addition to naturally occurring feed within the pond.
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FIGURE 4. Grower fish feed composition assumptions for selected species and the reference year 2016 based on literature and stakeholder feedback. Fishmeal and oil within organic salmon feed is deriving from fish trimmings.


A finer resolution of ingredients, for example distinguishing further between shares of plant commodities and their products such as soy protein concentrates or wheat gluten, was not feasible because we lacked future price trends for these commodities. We are well aware that the composition of feed by mid-century will be different compared to 2016 (our reference year), with potential influence on feed conversion and price. Ingredients, such as insect meal (Henry et al., 2015; Moon and Lee, 2015) or omega-3 rich oil deriving form marine microalgae or genetically modified terrestrial plants expressing algal genes (Tocher, 2015), already show high potential in substituting marine ingredients. Nevertheless, there are roadblocks to the successful market upscaling of these substitutes such as often low production volumes, high cost, and negative societal perceptions of GM ingredients in the European market (Tocher, 2015; Shepherd et al., 2017). According to stakeholder feedback, price developments of marine ingredient substitutes are not expected to lead to lower feed prices compared to the reference year 2016. This is particularly the case, if market prices between marine ingredients and their substitutes are linked, as previously suggested for soybean meal and fishmeal markets (Asche et al., 2013). As to future FMFO price trends, a demand flexibility that accounts for the presence of substitutes or alternatives to FMFO was included (see section “S – Social Factors”). This was also indirectly reflected within the future fish feed price.

When applying future price developments of single components (Table 1) to species-specific feed compositions, the general pattern of strong price increase under the National Enterprise scenario and weakest price increase under Global Sustainability was maintained. On species level, however, feed prices increased more for trout, carp and Norwegian salmon compared to sea bass/sea bream and organic salmon (Table 2) because the former three species had higher proportions of vegetable components (Figure 4).


TABLE 2. Percentage change (%) in fish feed price from the reference year 2016–2050 for all species analyzed within climate change and European aquatic resources (CERES) under the four scenarios: World Markets, National Enterprise, Global Sustainability, and Local Stewardship.

[image: Table 2]


Price Variation

Considering historical variation in prices helps define the potential volatility of prices in the future. Historical variation in fish and electricity prices were relatively small (5–6%) while those in agricultural fish feed ingredients, FM and fuel prices were more pronounced (12–15%). Historic price variation for FO was highest (19%). It is well known that most agricultural markets are characterized by a high degree of volatility tracing back to the relationship between demand, harvest variation and lagged supply response to price changes (FAO et al., 2011; Wright, 2011; Diffenbaugh et al., 2012; Figure 5A). Fish prices show less volatility and fewer price spikes than other foodstuffs and are less variable for aquaculture than capture fisheries (Tveteras et al., 2012). Asche et al. (2015) and Dahl (2017) postulated that the lower price volatility for aquaculture products reflects lower risks in output and supply compared to wild fisheries.
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FIGURE 5. Historical fish feed ingredient price trends for grains, wheat, and oilseed (A), fishmeal, fish oil, vegetable oil (B) for the respective available historical data coverage (line with dots) in USD/unit with the generalized additive model (GAM) fit (solid line) and the 95% confidence interval corresponding to the predicted standard error of the model fit (shade). Data sources: crop prices: FAO Food Price Monitoring and Analysis Tool, World Bank Commodity Price Data and EC Commodity Price Dashboard, fishmeal: Indexmundi database, fish oil: commodity statistics report (Globefish, 2019).


FM volatility was found to be very low by an earlier study (Asche et al., 2015), whereas maximum fit values in historic prices resulted in potential future price variability of about 15% in the present study. Both FM and FO prices depend largely on wild fish underlying stock variation, e.g., due to the El Niño Southern Oscillation (Ubilava, 2014). Consequently, FO production is dictated by the oil-content of resource species (Tocher, 2015) and its product increasingly marketed in human supplement industry (Misund et al., 2017). During the last years, this has led to higher fish oil prices compared to FM. Additionally, this might have effected maximum price variability, which was most pronounced for FO (19%) among all feed ingredients included within the present study (Figure 5B).

With fish and feed price as key drivers of future aquaculture profitability, their price trends were also examined for single species. Historical variation in overall fish (Figure 6A) and Norwegian salmon (Figure 6B) share similar trends; variation increased with increasing price. The maximum variation was higher for Norwegian prices (13%) compared to overall fish prices (5%). Price development of a single species from a maturing commodity industry, such as Norwegian salmon, is expected to reflect the relation between input-factor and output prices or other factors such as fluctuations in production volume. Thus, Asche and Oglend (2016) reported emergent protein co-integration relationships between salmon, fishmeal and soybean prices. Exceptionally high prices in 2016 were related to deleterious impacts of sea lice and harmful algae blooms on the global salmon sector (Globefish, 2018). In addition, it does not come as surprise that the variation of historic overall fish price is lower than for a single species such as Atlantic salmon. An averaging effect of opposing price trends can be expected when these are summarized over a large number of species.
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FIGURE 6. Historical price trends for overall fish prices (A), and Norwegian salmon (B) for the respective available historical data coverage (line with dots) in USD/ton with the generalized additive model (GAM) fit (solid line) and the 95% confidence interval corresponding to the predicted standard error of the model fit (shade). Data sources: FAO Fishery and Aquaculture Commodities statistics (fish price), NQSALMON, 2020 (salmon price).


When comparing the price variation of salmon compound feed with the allocated sum of historic single feed ingredient price variability for the same historic period, we obtained results ranging from 5.37% to 6.85% maximum variation (Figure 7). Thereby, the variation of single feed components related to Norwegian salmon feed and was very close to the price variation of the Norwegian salmon feed (6.80% vs. 6.85%). The price variation of global salmon pellet feed compared to the single feed components from Norwegian salmon feed, differed by about 15%. This could be, amongst others, explained by an averaging effect through the combination of different pellet feed mixtures and prices for the global market and/or by related currency effects. In general, there might be a delayed transfer of single raw material price changes to pellet feed prices on the market, however, the results in Figure 7 reflect that price variation based on single feed components is not very far from feed pellet price variation for the considered period.
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FIGURE 7. Historical fish feed price trend covering global feed prices from the company EWOS® as a feed supplier in the international aquaculture industry and Norwegian (NO) feed prices for the respective available historical data coverage (line with dots) in USD/unit with the generalized additive model (GAM) fit (solid line) and the 95% confidence interval corresponding to the predicted standard error of the model fit (shade). Maximum price variability of the fit is given within table on the right and compared to that of single feed components deriving from Figures 5A,B, each for the same time period. Data sources: Salmon pellet feed prices in Norway: Norwegian Directorate of Fisheries (2020), Global salmon pellet feed prices from EWOS: (Aquaflashblog, 2015).


The magnitude of price variation applied within our analysis reflected the overall pattern of sector price volatilities described in earlier studies (Wright, 2011; Tveteras et al., 2012). However, variability in prices for specific aquaculture fish species, as shown in the example of Norwegian salmon, might markedly differ from that in overall fish price. In general, we expect the market prices of both feed and fish to increase with potential higher variability than historically observed. Additionally, fish market prices might vary more under the two economic focused scenarios (World Markets and National Enterprise, see Figure 1) due to potentially higher increases in disease and frequency of harmful algae blooms compared to the more environmental scenarios (Global Sustainability and Local Stewardship, see Figure 1). Feed price variation depends on demand and supply and if the latter originates from controlled production, such as insect meal or omega 3 rich micro algae, variation is expected to be lower than when production is based on agricultural or wild fish ingredients.




Impacts of the Different Scenario Aspects on Typical Farm Profitability

The four scenarios developed in CERES (Table 1) were applied to two, different aquaculture sectors including a highly professionalized industry (Norwegian salmon) and a rather artisanal sector (German carp) with high cultural value. The effect of future price trends and biological impact (harvest weight and feed conversion ratio changes) were examined for a typical Norwegian salmon farm with a production volume of 3,680 tons located in Nordland. Future price trends in combination with assumptions on subsidies and marketing options were applied to a German carp farm producing 20 tons per year, which can be seen as a good practice farm for this sector that predominantly consists of very small family owned farms (Lasner et al., 2020). In the following, we discuss the effect of different factors on profitability (market returns against cash costs without interests).


Norwegian Salmon Farm

For the Norwegian typical farm, changes in feed costs had the strongest negative effect on profitability, whereas the most pronounced positive effect was observed for fish price trends (Figure 8). Trends on the price of fuel, mostly used to power boats, had only a marginal effect lowering operating earnings of about 4–5% for all scenarios. The impact of changes in future electricity prices was about three times larger compared to that of fuel price trends. Other costs including, e.g., fingerling costs and labor, which were assumed to increase according to inflation rates of 2% per year, had a profound effect on profitability as well. Climate change had a positive effect on both future harvest weight and feed conversion ratio (“bio”) and increased profitability by 15–27% for the two environmental focused scenarios (Global Sustainability and Local Stewardship). When combining this effect with future prices, the overall impact was small for the Global Sustainability scenario but not for the Local Stewardship scenario where 20–50% of the effect was transferred to changes in overall profitability.
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FIGURE 8. Separate effects of different factors on profitability (market returns against cash costs without interests) of a typical Norwegian salmon farm under the four scenarios World Markets (WM), National Enterprise (NE), Global Sustainability (GS) and Local Stewardship (LS). Bio = harvest and feed conversion ratio changes, for an extreme cold (left column) and warm year (right column), $ = price. Upper and lower variation refers to 95% upper and lower probability ranges from Monte Carlo simulation of future price variation.


Overall, the observed changes in future profitability for mid-century under the four scenarios are not expected to be severe. Future profitability, however, was very sensitive to variation in input- and output prices based on historic price variation. With the most favorable combination of prices, a maximum increase in future (2050) profitability was possible under World Markets, National Enterprise and Local Stewardship scenarios whereas profits only slightly increased in the Global Sustainability scenario compared to 2016 (11–14%). The opposite was true under the most adverse future price development with a 70% decrease in profitability compared to 2016 under the Global Sustainability scenario and less severe losses under the other three scenarios. When considering the effect of price variability on future profitability, especially fluctuating feed and fish prices had a large impact. Most pronounced was this sensitivity for the Global Sustainability scenario reaching deviations of ± 27% from future profitability for feed price and ± 43% for fish price.



German Carp Farm

The effects of perturbations in single factors on the profitability of a good practice 20 ton carp farm in Germany (Aischgrund region, Bavaria) were different compared to the Norwegian salmon farm (Figure 9). Although the future costs of carp feed (grains and wheat), increased more pronounced than that of formulated feed (see Table 2), the effect on profitability was weaker compared to Norwegian salmon. This can be traced back to the absolute lower costs for cereal compared to formulated feed that resulted in a lower dependency on feed prices for carp farms.
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FIGURE 9. Separate effects of different factors on profitability (market returns against cash costs without interests) of a best practice German carp farm under the four scenarios World Markets (WM), National Enterprise (NE), Global Sustainability (GS) and Local Stewardship (LS). $ = price, M = Marketing referring to region marketing options under Protected Geographic Indications label. Upper and lower variation refers to 95% upper and lower probability ranges from Monte Carlo simulations of future price variation.


The main costs for the good practice German carp farm were fingerling costs, which were included within “other costs,” and thus, explaining part of the pronounced negative impact on profitability of this cost category. The elimination of subsidies under the World Markets scenario did not lead to more severe effects on future profitability compared to the effect of fish price developments under Global Sustainability. However, it has to be kept in mind that subsidies were maintained to the amount of 2016 and additional mid- and long-term costs were not taken into account. The impact of future fuel price trends was very similar to that of the Norwegian salmon farm (4–5% losses in profitability) and played only a marginal role. Fuel is used for vehicles and was a minor cost category in 2016 as well. Future fish price had the most positive, single effect on profitability, which was amplified in the two local (National Enterprise, Local Stewardship) scenarios, when regional marketing was taken into account. Consequently, this produced an increase in future profitability under the two local scenarios, which persisted also under unfavorable future price trends. This was attributed to the assumption that the total production volume was marketed as PGI certified carp (“Aischgründer Karpfen”), which can achieve between 15 and 30% higher returns than unlabeled carp (see Lasner et al., 2020). The opposite could be observed for the two global scenarios, where the carp farm would be less profitable when combining all future price trends and assumptions. Under optimal future price development, there was a good chance to maintain the profitability of the reference year 2016. Considering price variation per commodity, a similar effect was observed as for Norwegian salmon, as future profitability was most sensitive to the assumed price variation based on historic data for fish and feed price. Again, this effect was most pronounced under the Global Sustainability Scenario reaching deviations of ± 18% for feed and ± 32% for fish price (returns) compared to future profitability based on the projected price trends.





DISCUSSION

Climate change is and will continue to impact on food production including seafood production in complex ways. Through both direct and indirect pathways, climate change will have economic implications for growth and distribution of incomes and thus demand. In addition, aquaculture is expected to play a critical role in meeting growing global food demands in the future. Within this study, we provide an operationalized framework of plausible yet contrasting future scenarios to explore consequences of climate change as well as societal and economic trends on the aquaculture sector. The two examples of different production systems provide a first impression of the wide applicability of the presented climate change scenario implementations for the aquaculture sector. Future profitability of the typical farms examined here was less sensitive to future environmental change (warming effects on the salmon farm) and more sensitive to the future development of costs, returns (both farms) and marketing options (carp farm). These results highlight the importance of using future scenarios that include not only environmental but also, political, economic, social, technological and legal (PESTEL) dimensions. There is, however, uncertainty associated with future price developments as price dynamics presented here do not consider inter-annual strong fluctuations and describe rather general trends in commodity prices that potentially underestimate sector-specific differences. Supply shortages triggered by political events or crises may generate rapid price fluctuations with the COVID-19 pandemic being a recent example. Lower demand at restaurants led to a 30% decrease in the price of imported live-fresh seafood within the EU, but for example no significant changes in volume or prices were observed for Norwegian salmon until mid-May 2020 (Love et al., 2020). Crude oil price response varied between different phases of the pandemic and fell together with other political developments (Aloui et al., 2019). In general, responses to COVID-19 will have complex impacts on the demand and prices for fish products and other commodities (e.g., feed) and synergistic effects with climate change or other factors are conceivable as well as a (potentially long-term) focus to more locally sourced products. Moreover, in terms of building contrasting scenarios, the current magnitude of the impact of COVID-19 has likely set a new baseline on what society may define as a “plausible” future.

The results above represent future profitability of selected typical farms and are not scalable to the whole sector nor provide statistical representations. However, they allow in-depth analyses of changes and comparable benchmarking on interregional basis (Lasner et al., 2017), which we regard as valuable basis, e.g., for decision- makers. Further, environmental small-scale differences such as those observed for Norwegian salmon farms, where production occurs across a large latitudinal range (e.g., within and outside specific fjords), underscore the importance of making local projections at the farm site level (Falconer et al., 2020). In Norway, farms in the southernmost parts are expected to have a narrower safety margin with respect to temperature increase compared to those located further north (Lorentzen, 2008), and therefore would be important to be included in similar future studies in addition to the northern farm examined in the present study. Moreover, within the present study we could only include RCP4.5 model results for future harvest weight and FCR changes for Atlantic salmon reared in Norwegian waters. Effects might be different under more severe GHG emission scenarios as indicated by the study of Froehlich et al. (2018) reporting a major decline in suitable aquaculture areas for the Norwegian EEZ under RCP8.5.

Further, although farms in the north may not be exposed to conditions above the temperature tolerance of salmon, increased temperatures, may also increase the prevalence of disease and parasites, which, historically, were not an issue (Falconer et al., 2020). The colder northern regions of Norway have currently less sea lice occurrence than more southern regions of the country (Jansen et al., 2012). Potential climate-related changes in disease and parasite risk and their consequences on profitability were not included within the present study. Health impacts reducing growth and the efficiency of feed conversion and/or increasing mortality are conceivable that would decrease the available biomass for marketing and increase costs for monitoring or veterinary intervention. Abolofia et al. (2017) estimated that one additional lice per fish produced in northern Norway (the location of our typical salmon farm), could cause a ∼3% reduction in growth with related economic consequences.

Although these risks are important to consider, adapting to changes in the future environment will likely be easier for aquaculture compared to fisheries because the former sector has a greater level of control over its production. In aquaculture, feeding, breeding, disease mitigation, and within freshwater or closed systems, water availability, temperature, and quality, can be (partly) controlled. Increasing the control of specific attributes of farms, however, is often accompanied by additional costs (financial resources must be available) and sometimes technological progress.

It should be noted that a specific regional adaptation plans of the aquaculture sector were not taken into account within the present analysis. For example, the Norwegian salmon sector has already invested in innovative production systems allowing a higher level of automation or to move production further offshore (e.g., “Havfarm”) and apply semi-closed or closed systems (Lekang et al., 2016; Fløysand and Jakobsen, 2017; Fish Farmer, 2019). Especially within scenarios where emphasis is placed on economic competitiveness and profits with larger departures from today’s climate (World Markets and National Enterprise), such investment in technological solutions will be critical whether in new cage systems to withstand rougher weather conditions or better breeding/environmental monitoring to offset increased disease risk due to warming waters. In addition, the introduction of hybrid vessels [e.g., Edel aquaculture boat, Danfoss (2019)] will contribute to a lower dependency on fuel prices, which would be of particular interest under the National Enterprise scenario. On the other hand, such investments will most likely increase long-term costs.

While the Norwegian salmon sector is highly capitalized, this could be even more critical to sub-sectors with lower profit margins such as German carp farms. Here, further investments might be necessary to balance a potential increased frequency and intensity of droughts or extreme flow events in freshwater systems (Woodward et al., 2010) or potentially increased disease risk, again with different regional level impacts. The latter may have implications on mortality, growth, costs of monitoring, veterinary intervention, and, the implementation of statutory control measures, which may require the culling of stock. Strategies to remedy water shortages could include investment into additional wells, water pumps or pipelines. Such additional financial burdens, however, could lead to significant long-term losses in profitability if not balanced by higher market returns (e.g., as assumed for region marketing opportunities under the National Enterprise scenario). In addition, carp farms in Germany have high opportunity costs relying on factors such as unpaid labor (i.e., employing family members), which must also be considered in the long-term (Lasner et al., 2020). On the other hand, carp farms such as the good practice farm are often combined with crop production (Lasner et al., 2020) and are, therefore, more independent from future price developments in the cereal market than assumed in the analysis.

Besides environmental adaptive investments, further developments might be worth being considered in order to capture the multidimensional nature of aquaculture under socio-political climate change scenarios. The regulatory environment and its uncertainty may result in a substantial cost burden for aquaculture producers (Anderson et al., 2019), for example state-legislated, environmental impact studies might become obligatory for aquaculture operations if future society more closely resembles as depicted by the Global Sustainability and Local Stewardship scenarios. On the other hand, regulatory changes might offer new chances. Focusing on economic growth, the World Markets scenario was characterized by less regulated markets. This could create opportunities for new aquaculture licenses such as for recirculating or offshore systems as well as for novel feed ingredients derived for example from GM terrestrial crops (Shepherd et al., 2017). Likewise, political openness towards genetic engineering of aquaculture animals itself, for instance AquAdvantage Salmon decending from wild salmon stocks (Waltz, 2017), would also be imaginable under some scenarios. Concerning the National Enterprise scenario, the use of already existing GM species could be conceivable for European countries that are currently less restrictive regarding GMO (e.g., Bongoni, 2015), assuming that a higher regionalization in regulation is becoming effective. Under Global Sustainability and Local Stewardship, no legal push toward GMO would be expected, for political but also social and ethical reasons. Other social aspects that might contribute to regulatory elements are, for example, animal welfare criteria and related effort for producers. Beyond that, social acceptability in the context of aquaculture could also be extended to the community’s role in shaping the sector and determining its operation when issuing new licenses or renewing old ones. Such a community’s engaging role is increasingly discussed as social license to operate for the aquaculture sector (e.g., Baines and Edwards, 2018; Mather and Fanning, 2019) and would be conceivable under the two low resource scenarios with cooperative society structures (Global Sustainability and Local Stewardship). It may even become effective in combination with legal requirements for licensing.

Again, the complex interaction of different socio-political dimensions highlights the importance of considering the different PESTEL elements, and provides a more comprehensive picture of the potential impacts of climate change on (and adaptation pathways for) the sector. We urge other bio-economic studies to apply the scenarios developed here to facilitate comparison of climate change impacts on different components of the aquaculture sector. Although it is important to note that no single scenario will ever come true in its entirety (see Pinnegar et al., under review), scenarios are important tools to create awareness of potential futures.



CONCLUSION

Aquatic systems that sustain aquaculture are already effected by climate change induced alterations and projections indicate that these will be accentuated in the future. In contrast, related economic and societal trends on the sector, such as the development of production costs or marketing options, have received less attention. Recognizing that the overall adaptive capacity of the sector will determine the impact of climate change, we provide an operationalized multidimensional framework of contrasting future scenarios that aims at improving advice for adaptation planning. The presented case study results indicate that the sector might be more sensitive to the future development of feed costs, returns and marketing options compared to future environmental change (e.g., warming). Future scenarios should therefore also include political, social, legal and economic dimensions alongside the anticipated changes in the aquatic environment. We recommend the application and extension of the provided framework in order to allow comparison of different species and production systems across regions and climatic zones. The identification of the sector’s potential winners and losers is thereby especially important in the light of its expected significant contribution to providing the growing world’s population with valuable protein.
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Price trends for fishmeal and fish oil (FMFO) are derived from the FMFO model (c), price trends for all other commodities from the MAGNET model (b, see also Pinnegar
et al., under review), and price assumptions for region marketing of German carp derive from Lasner et al., 2020 (d). Historic price variation is derived from a generalized
additive model using historic price trends from databases and statistical reports (see section “Price Variation”). Future harvest weight and feed conversion rates (a) are
originating from the Farm Aquaculture Resource Management (FARM) population model. SSPs, shared socio-economic pathways; RCPs, representative concentration

pathways.
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bass and sea bream). + Represents feed price variation based on historic price variation.
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