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The effects of increasing fishing pressure in combination with temperature increases in the Nordic and Barents Seas have been evaluated using an end-to-end model for the area forced by a downscaled RCP 4.5 climate scenario. The scenarios that have been applied have used four different fractions of fisheries mortality at maximum sustainable yield (Fmsy); 0.6, 0.8, 1.0 and 1.1 × Fmsy. As it is highly likely that more ecosystem components will be harvested in the future, the four scenarios have been repeated with fishing on a larger number of ecosystem components, including harvesting of lower trophic levels (mesozooplankton and mesopelagic fish). The zooplankton biomass had an increasing trend, regardless of the increase in fishing pressure on their predators. However, when introducing harvest on the lower trophic levels, this increase was no longer evident. When harvesting more components, the negative response in biomass of pelagic and demersal fish to increasing harvest became more prominent, indicating an increasing vulnerability in the ecosystem structure to stressors. Although harvest on lower trophic level led to an immense increase in the total catch, it also resulted in a decrease in the total catches of pelagic and demersal fish, despite more species being harvested in these guilds.
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INTRODUCTION

Facing climate change and a growing human population, the world’s ocean resources will be put under even higher pressures in the future than they already are. The increased demand for food from the oceans for human consumption has already led to declining stocks in several marine ecosystems (e.g., FAO, 2018a), and cumulative impacts of climate and increased fishing pressure may cause further declines (Halpern et al., 2015; Armstrong et al., 2019). There are however, strong spatial differences in how climate change affects ecosystems. Cheung et al. (2010) showed that high-latitude areas such as the Norwegian and Barents Seas are likely to experience an increase in total catch potential in the future, based mostly on calculations of future primary production, trophic level of the species and its geographic range. This is supported by observations from the Barents Sea over the last decades, where increasing temperatures have been beneficial for e.g., Northeast Arctic cod Gadus morhua (Kjesbu et al., 2014). However, changes in fisheries management strategies can be as or more important to the ecosystem as climate change (Groeneveld et al., 2018).

To meet the United Nations sustainability development goal (SDG) 2 (zero hunger), catches from marine ecosystems should likely increase. This has to occur along with SDG 14 (life below water), securing sustainable harvests of all marine resources. As seen in FAO (2018a), the commercial stocks being harvested above sustainable levels are currently at 33%, whereas only 7% are underfished. In the Norwegian and Barents Seas, most stocks are being harvested at or close to maximum sustainable yield (ICES, 2017, 2018a). Hence, a further increase of the fishing mortality would likely lead to declining stocks and decreasing catches.

Another possibility is to harvest more ecosystem components, including lower trophic levels such as zooplankton and mesopelagic fish. The production and biomass at this ecosystem level are considerably higher compared to pelagic fish and top-predators. However, by being the most important food source for juvenile and pelagic fish, they form the basis for nearly all life in the ocean. Therefore, harvest at this trophic level needs to be managed in a way that does not disrupt the balance in the system. In the Norwegian Sea, a trial fishery for the copepod Calanus finmarchicus has been active for the last decade or so (Grimaldo and Gjøsund, 2012). Recently, a commercial quota was set for this species but with area-based restrictions. However, the quota is low (165 000 tonnes) compared to the standing stock biomass (∼31 million tonnes), following a strict precautionary approach to the fishery (Broms et al., 2016).

Exploring the effect of changes in management strategies, including the number of ecosystem components being harvested, in combination with climate changes can be undertaken by applying end-to-end ecosystem models. End-to-end models include ‘everything’ from sunshine to fishing vessels and harvest control rules, and are built for studying ecosystem effects resulting from almost any kind of perturbation or disturbance (Plagányi and Food and Agriculture Organization of the United Nations [FAO], 2007). They also provide the only way of testing indirect and direct impact of increased harvest on multiple components in an ecosystem, without applying the change on the real system. Complex end-to-end models such as Atlantis (Fulton et al., 2011) give an overview of tradeoffs that need to be considered, especially when introducing harvest at lower trophic levels. However, their complexity and level of uncertainty makes them inappropriate for setting quotas (FAO, 2008; Link et al., 2010).

Future management regimes are very uncertain, and changes in harvest pressures or strategies can outweigh climate changes (Frank et al., 2016). The EU Climate change and European aquatic RESources (CERES) project approached the complex problem of investigating climate change effects using a scenario approach (CERES, 2016), and utilized the community-derived Shared Socio-economic Pathways (SSPs) from the Intergovernmental Panel on Climate Change (Riahi et al., 2017) which inspired a simplified version of four socio-political scenarios, including changing fishing pressure only. To examine the potential consequences of these simplified scenarios on the fisheries of the Barents and Norwegian Sea in a future climate, we utilized a complex end-to-end ecosystem model developed specifically for the Nordic and Barents Seas (Hansen et al., 2016). For the environment, we applied the results from a regional downscaled IPCC RCP4.5 scenario (Sandø et al., 2014; Skogen et al., 2018). Combined changes in climate, fishing pressure and the number of harvested components in the system are explored, and the uncertainties in this set of scenarios are discussed.



METHODS AND MODELS

Atlantis (Fulton et al., 2011) is a deterministic end-to-end ecosystem model consisting of multiple modules, including ecology, physics and fisheries. The Nordic and Barents seas Atlantis model represents the ecosystems of the respective areas based upon 53 species and functional groups (Hansen et al., 2019). These species and functional groups are biomass dominant, key species (e.g., predator–prey relationships), vulnerable and/or commercially important (Hansen et al., 2016). The model domain consists of 60 polygons that cover the Nordic and Barents seas, an area of close to 4 million km2 (Figure 1). Vertically, the model is relatively coarse, resolving the water column with seven depth levels and one sediment layer.
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FIGURE 1. Topography of the Norwegian, Barents and Greenland Seas, and polygons in the NoBa model domain. Dark colors indicate deep areas.


The 53 species and functional groups (hereafter components) are connected through a flexible diet matrix, where the predator–prey interactions are defined as fractions of prey available for the predator. However, if the prey is an inadequate size for the predator, or not overlapping in time and space, the predator will switch to another prey. Likewise, the biomass of the prey will have a large impact on the diet of the predator. In Hansen et al. (2019), it was found that of the five most important key life history parameters (Pantus, 2006), the growth rates of particularly the lower trophic levels are important for the behavior and responses in the model.

As physical forcing, the Nordic and Barents Seas Atlantis model (hereafter NoBa) applied information on temperature, salinity and currents from three different set-ups of the Regional Ocean Model System model (Shchepetkin and McWilliams, 2005), covering the periods 1981–2000 (reference period), 2001–2005 (for comparison of observed and modeled present day biomass) and 2006–2068 (future climate; regional downscaled IPCC RCP4.5 scenario (Sandø et al., 2014; Skogen et al., 2018). The differences between the three configurations of the ROMS model are likely to introduce changes in the physical forcing, and we have therefore chosen to mainly focus on results from the latter part of the simulation (2006–2068). There are, however, comparisons between historical and model biomasses for the period 2001–2015. The temperature trend in the period 2006–2068 is relatively weak, ΔSST ∼0,02° year–1, although with regional differences. No trend in primary production is seen, but the timing of spring bloom is 1 month earlier at the end of the period (Skogen et al., 2018). Despite the limitations in using one single possible future climate evolution as forecasts of future conditions, we see this as a novel approach to enhance our understanding of marine species’ and systems responses to multiple climate drivers and pressures, which further can be fed into the development of climate adaptation strategies and actions.

The NoBa model has a spin-up time of 24 years, for which the model only applies the physical forcing from 1981. Thereafter, the simulation ran for 87 years, including a 36-year period following historical fishing levels for the main commercially important stocks (Table 1), from 1981 to 2016. The historical fishing levels were calculated using assessment catches and total stock biomass data for the larger commercial stocks (ICES 2017, 2018b). As opposed to using the total catches from the assessments directly in the model, we chose to apply time series of fishing mortality (yr–1). These were calculated by dividing total catch (t yr–1) by total stock biomass (t). The last part of the model simulations (2016–2068) applied the fishing mortality representing maximum sustainable yield (Table 1). The fishing mortality changes only once per year and transfers from the previous year’s mortality to current mortality over the course of 1 day. The fishing mortality was applied on the whole stock, evenly across the model domain. We only briefly present a model-observation comparison, as a full skill assessment of the model would be a paper in itself.


TABLE 1. Overview of harvested species, their current fishing mortality and their estimated Fmsy level in the model.

[image: Table 1]To identify additional new components for potential fishing, we used fisheries statistics from the period 1980–2010. These data were obtained from the Norwegian Directorate of Fisheries, and have a higher spatial resolution compared to ICES official areas (Directorate of Fisheries, 2019). Only areas overlapping with the model domain were included, all data collected in areas outside of the model domain were excluded. The data were resolved at species-level, thus the first step was sorting the species into their respective components (either species-specific or functional groups – Supplementary Table S1). The species where harvest was already implemented in the model was removed from the list, as the aim was to identify new groups for harvesting. The resulting list represented commercial species of less economic importance not currently being harvested in the model. Based on this, we ended up with 103 components/species not currently being harvested in the model. Based on their average catches, the functional groups, small pelagic fish, large demersal and other demersals, made up 67% of the total catch of the top six groups in terms of average catches over the 30-year period represented in the data. As these three functional groups were already present in the model, we decided to use these as three of our additional groups.

In addition to these three, mesopelagic fish and mesozooplankton were added to the list of additional components that should be harvested. The reason for the last two is the increased interest in these resources, and that they most likely will be fished at a larger scale in a not too distant future (e.g., Hidalgo and Browman, 2019 and references therein).

The fishing mortality at maximum sustainable yield (Fmsy; Table 1) was calculated for each of the harvested components by performing multiple simulations. In these simulations, the catches of other species were held constant at current levels, whereas the catch level of the species of interest was increased until the stock collapsed. Each simulation was run for a period of 55 years, and biomass and catches were averaged over the last 10 years of each simulation. Fmsy was then the fishing mortality that gave the highest average catches at the end of the simulation while at the same time avoiding biomass collapse. The high Fmsy for mesozooplankton (4.5; Table 1) emerges from the high zooplankton production and corresponds to productivity levels found in e.g., the Norwecom.e2e model (Morten D. Skogen, personal communication).

The scenarios were then classified as one of four scenarios (Global sustainability, World markets, Local stewardship, and National enterprise; Groeneveld et al., 2018), each involving a different fishing strategy. In the case of ‘Global sustainability’ the scenario includes lower fish and meat consumption, reductions in fishing areas and the introduction of lower impact fishing gears. The result is a reduced fishing pressure which is interpreted here as 0.6 × Fmsy. In the ‘World markets’ scenario, fish are obtained from the cheapest source, decommissioning reduced, few legal and technical restrictions on fishing with a greater competition for resources. This is manifested as a lower fishing pressure (0.8 × Fmsy) but not to the same extent as the previous scenario. The ‘Local stewardship’ scenario is considered, amongst other things, under local or regional governance of fish resources and a mosaic of different management measures. In this scenario, the result is that F occurs at MSY (1.0 × Fmsy). The last scenario (National enterprise) entails relying on national supplies with decreased imports thus a greater pressure on local stocks. This results in an increase in the fishing pressure above MSY (1.1 × Fmsy). These applications were discussed within the ICES community before being used (Katell Hamon, personal communication).

A future with both changed environmental forcing and harvesting strategies were simulated by using the downscaled RCP4.5 forcing and the four fishing pressure scenarios (0.6, 0.8, 1.0, 1.1 × Fmsy). Hence, the model was run with historical fishing pressure until 2017, from then on the Fmsy value and its multiplier was applied. The simulations were divided into two batches, those including Fmsy for commercial species only, and those including the additional five species mentioned above. For the five additional species, the fishing pressure changed from 0 to Fmsy in 2017. Capelin is a special case. This is a short-lived fish, fished almost exclusively on the spawning fraction of the stock and with total spawning mortality. The fishable biomass of capelin varies by an order of magnitude, and the concept of a “constant Fmsy” fits poorly to this stock. In high capelin years, the stock can sustain a high fishing mortality and still achieve full reproductive success, while in low capelin years any fishing level could impair future recruitment. The stock is managed with an escapement strategy for precisely this reason. Therefore, an average catch rate calculated over the last decade was applied for capelin. This fishing mortality level was multiplied with the fractions defined above. However, due to a recent collapse in the population, in addition to a large predator cod population, the fishing pressure applied to the capelin population was very low (Table 1).

The mesozooplankton does not have this total spawning mortality, and a fishery would likely harvest a greater variety of life stages. Furthermore, multiple species were combined into a single “mesozooplankton” stock within the model, which would make the level of specificity in the capelin case difficult to achieve. We therefore considered a simplified “constant Fmsy” appropriate for the mesozooplankton.

For each set of socio-political simulations (global sustainability, local stewardship, national enterprise, world market; Groeneveld et al., 2018), there are 28 different runs. 14 of these include ‘all’ species, 14 include only those currently harvested in the model system (Table 1). Each set of 14 simulations followed an individual pattern of mesozooplankton growth. The variability was based on a time series of mesozooplankton biomass in the Norwegian sea for the period 1995–2017 (Broms et al., 2016). The mesozooplankton growth was calculated by the mesozooplankton biomass pattern from this time series, twelve of these started in a different year (see example in Supplementary Figure S1), one had random variation based on the time series and the last replicate did not apply any zooplankton growth forcing at all. The reasoning for applying 13 different time series for mesozooplankton growth in the model was that complex end-to-end ecosystem models incorporate a large degree of uncertainty. Performing the simulations this way meant that an envelope of possible results was created for a larger part of the components, within which ranges we were confident. All in all, this gives us 112 simulations. We use the scenario with 1 × Fmsy as a base case run, all other runs will be compared to this one.

All results are presented using ecosystem guilds, where we have chosen to use pelagic fish, demersal fish, non-harvested lower trophic levels and harvested lower trophic levels. We also chose to split between harvested and non-harvested lower trophic levels. The reason for doing so was that these components have a tendency to increase when others at the same level decrease, hence disguising any changes.

Simple ecological and fisheries indicators were calculated for comparing the differences between the scenarios (Table 2). Pelagic and demersal catches, and the relationship between pelagic and demersal biomass are all indicators that also were used in the study by Olsen et al. (2018).


TABLE 2. Ecological indicators, explanation and abbreviations used in figures and text.
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RESULTS

The fourteen different time series of zooplankton applied for each set of management scenarios created an envelope of solutions for the components in the model. This was the case for both the pelagic and the demersal fish, which ended up by being almost as vulnerable to the bottom-up effects of mesozooplankton growth. Some top predators such as cod, who have a larger spectrum of prey, were not as dependent on one single prey source. The variability at lower trophic levels following the changes in mesozooplankton time series were larger than the effects of any of the changes in the harvest regimes (Figure 2).
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FIGURE 2. Change in guild biomass (%) between future (2055–2065) scenarios compared to historic scenarios (2005–2015). The dots represent the average difference for all components included in the guild, lines represent one standard deviation, resulting from the 14 replicates. There are eight sets of simulations within each guild, where orange dots and lines represent harvest of the large commercial components only and black includes harvest of the large commercial components plus the five additional components. The fraction of Fmsy for each scenario is indicated on the x-axis for each guild. The demersal guild includes cod, haddock, Greenland halibut, golden redfish, beaked redfish, and the functional groups “other demersals” and “large demersals.” The pelagic guild includes mackerel, blue whiting, herring, capelin and polar cod. LTL-harv are the lower trophic levels that are being harvested: mesozooplankton, prawns and mesopelagic fish, whereas LTL-not harv are the lower trophic levels not being harvested: jellyfish, small and large zooplankton.


Overall, the impact of changing the harvest in the model from historical levels to the fractions of Fmsy applied in the different scenarios, was more evident in the ‘all in’ scenarios compared to the ‘commercial’ scenarios (Figures 3, 4). This was the case both for the demersal and pelagic guilds. The time series of the guild shows no significant deviations between the eight management scenarios in time (Figures 3, 4).
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FIGURE 3. Temporal development of pelagic biomass (biomass of cohorts included in the assessment) in the four scenarios only including commercial fish (A) and in the four scenarios including additional harvest on mesopelagic fish, other demersals, large demersals, zooplankton and small pelagic fish (B). Brown (transparent) is observations of total biomass from assessment reports, including 20% uncertainty. Gray line represents global sustainability, green represents world market, blue represents local stewardship and orange represents national enterprise scenario. The shading represents one standard deviation from the mean of the 14 different simulations representing each scenario.
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FIGURE 4. Temporal development of demersal biomass (biomass of cohorts included in the assessment) in the four scenarios only including commercial fish (A) and in the four scenarios including additional harvest on mesopelagic fish, other demersal, large demersal, zooplankton and small pelagic fish (B). Brown (transparent) is observations of total biomass from assessment reports, including 20% uncertainty. Gray line represents global sustainability, green represents world market, blue represents local stewardship and orange represents national enterprise scenario. The shading represents one standard deviation from the mean of the 14 different simulations representing each scenario.


The reader should be aware that we are only applying the fishing pressure described in the socio-political scenarios, and have for simplification chosen not to follow the other details given in Groeneveld et al. (2018). Also, as several of the stocks in Norwegian waters have been fished below Fmsy in recent decades, this change in harvest pressure will in itself lead to a decrease in biomass when compared to historical levels of the stocks.


Evaluation of Historical Biomass Levels

NoBa Atlantis was built using input information on biomasses, weights, abundances, distributions and other life history parameters from assessment reports, literature and gray literature (Hansen et al., 2016). When first initializing the model based on all available information, it was run toward equilibrium repeating a 1-year cycle (daily) of physical forcing (Hansen et al., 2016). After the spin-up of 24 years, the majority of the components were between 0.5 and 1.5 of the initial values (Hansen et al., 2019). Here, the set-up is changed to run the model with continuous daily physical forcing. In all simulations, we applied the historical harvest pressure for all the commercial stocks. The pelagic and demersal guilds were compared to observations from ICES assessments; WGWIDE and AFWG, respectively (Figures 3, 4). The observations from 1981–2000 was used for tuning, therefore only observations from 2001 to 2015 were used for comparison. For this period, the pelagic guild biomasses fit well (Figure 3), but not so well in terms of timing of events, resulting in a correlation of 0.49 (p = 0.07). The demersal biomass fit well and had a much better match in terms of timing (Figure 4, resulting in a correlation of 0.87 (p = 0). It has to be mentioned that the observations that were used for comparison were not entirely independent, as they were a result of the harvesting regime which was also applied in the model.



Guilds in a Future Climate and With Different Harvesting Regimes


Global Sustainability (0.6 × Fmsy)

For all guilds except the pelagic and the mammals, the reduced fishing pressure (0.6 × Fmsy) that was applied in all global sustainability simulations with harvesting of commercial species led to a positive response, compared to historical levels (Figures 2, 5). Introducing more components to the harvest had, however, a negative effect on the already established pelagic and demersal guilds, due to direct and indirect predator–prey effects. The decrease shown in the pelagic guild was both caused by a decline in Norwegian spring spawning herring, and an increased predation pressure from top predators. The biological indicators (Table 2) showed the same picture, with the biomasses of the global sustainability scenarios being highest compared to the other scenarios for the demersal, pelagic and lower trophic level harvested biomass (Figure 5; DemB, PelB, LTLhB, respectively). The fraction of pelagic to demersal biomass (Figure 5; PelDem parameter) was highest for both the ‘commercial’ simulations and the ‘all in’ simulations, compared to the three other scenarios. However, the historical period had a higher fraction than all the other projections. In the ‘commercial’ simulations, an increase in both the catches and biomass of the demersal guild (Figure 5; DemB and DemC, respectively) was seen, in contrast to a lower demersal biomass when more ecosystem components were harvested. Considering the lower trophic level biomass (Figure 5; LTLnhB and LTLhB parameter), this was at its lowest value for the commercial scenario, completely opposite of the ‘all in’ scenarios. This was a direct result of the removal of LTL, leaving a larger share of the phytoplankton for the non-harvested LTL components. This was seen in all scenarios. Compared to the historical levels, both the non-harvested and the harvested LTLs experienced an increase in the biomass in the ‘commercial’ scenario. The same was valid for catches of all guilds, including the lower trophic levels (Figure 5). Catches of demersal species were higher in the ‘all in’ simulations compared to the ‘commercial’ simulations, whereas the catches of pelagic fish decreased by 9% when more ecosystem components were harvested, despite the higher number of harvested groups included in the pelagic guild. The total catch biomass was 37 times higher in the ‘all in’ simulations compared to the commercial simulations (Figure 6).
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FIGURE 5. Ecological indicators for the four scenarios investigated. (A) Results from the scenarios when only commercial species are harvested. (B) Results from the scenarios when all components (commercial + five additional components) are being harvested. For the four scenarios, gs is the global sustainability (gray), ls is local stewardship (blue), ne is national enterprise (orange) and wm is world market (green). In addition, the indicators from the historical period of the simulations are added to the figures, for comparison between future projections and historical results. Biomass indicators are grouped on the left and catch indicators on the right side of the radar charts. All values increase from the center of the radar plot, to the edge.
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FIGURE 6. (A) Simulated average total catches per year for the period 2055–2065 for the four scenarios (Fmsy × 0.6, Fmsy × 0.8, Fmsy × 1.0, and Fmsy × 1.1), simulated average total catches per year for the period 2005–2015 (Hist) and observed (Obs.). (B) Simulated average catches for the period 2055–2065 for the four scenarios including the additional components. Both figures show catches for the same guilds; pelagic (Pel - gray), demersal (Dem - green) and harvested lower trophic levels (LTLh - blue). Notice the difference in catch levels between panels (A) and (B), and that lower trophic level is missing from the observed bar.




World Markets 0.8 × Fmsy

In a future climate, both demersal and pelagic guilds showed a decrease compared to historical levels (Figure 2), due to an increase in the fishing pressure compared to the global sustainability scenario (0.6 × Fmsy). The decrease in the demersal guild was around 10%, while the pelagic guild experienced a difference between 17 and 20% compared to historical levels. As in most of the other scenarios, the pelagic and demersal guild experienced a significant reduction in their biomass levels when more components were harvested (Figure 2). The lower trophic levels not harvested experienced their largest biomass for this scenario, and the variability was higher for the simulations that only included the currently harvested components (Figure 2). The variation in the lower trophic levels canceled out any significant differences between the two sets of scenarios, indicating that the forced variation in mesozooplankton growth was as important as changes at the harvest level. The marine mammals (Figure 5; MamB parameter) had their highest biomass in the ‘all in’ simulations, although the differences between the scenarios in total marine mammal biomasses were small. The same shift in the demersal catches compared to the pelagic catches as in the global sustainability scenario was seen here, with the ‘all in’ simulations providing a higher demersal catch compared to the ‘commercial’ simulations (Figure 5; DemC and PelC, respectively). Likewise, the demersal and pelagic biomass (Figure 5; DemB and PelB, respectively) was higher in the ‘commercial‘ simulations compared to the ‘all in’ simulations. In total, the pelagic catches decreased by 10% when additional species were being harvested, despite the pelagic guild now including more species. When comparing the total average catches, there is an increase of close to 49 times between the ‘commercial’ simulations and the ‘all in’ simulations (Figure 6).



Local Stewardship 1.0 × Fmsy

The local stewardship (1.0 × Fmsy) scenario can also be interpreted as representing the effect of environmental changes only. Here, for the future climate, the demersal and pelagic guilds experienced a decline compared to the two previous scenarios and compared to historical levels (Figure 2). The difference between the simulations only including currently harvested species and those including additional species increased for the demersal guild. There was no such significant difference between species/guilds for the lower trophic levels for the two sets of simulations. However, while the scenarios that include harvest on the additional components experienced a future decline in the non-harvested lower trophic levels, compared to the global sustainability scenario, the scenarios excluding the additional components showed a small increase. Local stewardship showed a surprisingly high biomass of lower trophic levels for the ‘all in’ scenario (Figure 5; LTLhB parameter). Apart from that, it scored low on the total biomass, and high on the total catches of multiple guilds, not unexpected (Figure 5). At the Fmsy level, the same pattern in the catches as in the scenarios applying lower harvest mortalities was seen, with a higher demersal catch in the ‘all in’ simulations compared to the ‘commercial’ (Figure 5; DemC). The pelagic catches, on the other hand, decreased by 6% when more species were harvested, despite slightly more pelagic components being harvested. The total catches in the ‘all in’ scenario was roughly 49 times higher than the total catches in the commercial scenario (Figure 6).



National Enterprise 1.1 × Fmsy

The difference between the ‘commercial’ simulations and the ‘all in’ simulations was at its highest in the demersal guild for this scenario. The demersal guild experienced a decrease of between 15 and 17% compared to the historical levels, much lower than the 20–30% decrease seen in the pelagic guild. Both lower trophic levels were at the lowest biomasses for this scenario, including the components not being harvested (Figure 2). The ‘commercial’ simulations showed a slight positive development in the lower trophic levels, whereas adding harvest at this magnitude on the lower trophic levels decreased their biomasses by close to 20% compared to historical levels (Figure 2). National enterprise showed by far the largest catches of all the harvested components of the ecosystem (Figure 5; DemC, PelC, LTLhC, respectively, Figure 6). It had a higher biomass at the lower trophic level (non-harvested) compared to both global sustainability and the local stewardship. This can be explained by the effect of both indirect and direct predator–prey interactions caused by the removal of top and mid-level predators, such as demersal and pelagic fish. There was a smaller difference between the local stewardship scenario and the national enterprise for the pelagic catches compared to the demersal catches when only the commercial species were harvested. This was not as clear in the ‘all in’ simulations. However, the pelagic catches decreased by 5% when additional species were harvested, even though the number of harvested pelagic species increased slightly. The average catches in the commercial simulations were more than 50 times lower than in the ‘all in’ simulations for this particular scenario (Figure 6).



DISCUSSION

In this study, we explored the ecosystem effects of changes in management regimes for eight different scenarios in two environmental settings (historical and future climate). In each of the scenarios, multiple simulations were performed to introduce bottom-up variability by forcing the growth rate of mesozooplankton. All the scenarios applied different fractions of Fmsy mortality for the major commercial fisheries in the Norwegian and Barents seas. In four of the eight scenarios, additional components were harvested. The additional species were chosen based on catch statistics (small pelagics, large demersals and other demersals) and increased commercial interest in the component (mesopelagic fish and mesozooplankton).


Model Uncertainty

Structural uncertainties in large end-to-end ecosystem models can be quantified in different ways, for instance by running ensembles of models, or by testing multiple model set-ups within the same model framework (Lehuta et al., 2016). There are other end to end models representing the Norwegian and Barents seas, for example the NORWegian ECOlogical Model system End-To-End (NORWECOM.E2E), a coupled physical, chemical, biological model system (Skogen et al., 2007), covering primary and secondary producers as well as key fish species. The model has been validated by comparison with field data in the Nordic and Barents seas (Skogen et al., 2007; Hjøllo et al., 2012; Utne et al., 2012). The NORWECOM.E2E model has been run using the same physical forcing as in this study, and showed a slight future decline in some of the pelagic fish components (herring), using the present level of the fishery (S. S. Hjøllo, personal communication), and a slight increase in the zooplankton component. Having the same trend in two so different ecosystem model supports the findings in this study. Uncertainties within the model system originates from multiple sources, e.g., parameter settings, initial conditions, simplifications of ecological processes and the application of fisheries. Given the complexity and computational costs of running NoBa, we eventually ended up with the 14 simulations for each scenario. As we already were aware of the models sensitivity to mesozooplankton (Hansen et al., 2019), we were confident that adding this variability creates reasonable envelopes around the components in the model, something also shown in Figures 3, 4. For further studies, uncertainties connected to recruitment and/or biomass levels of the three potentially most important pelagic species in the systems (polar cod, capelin and Norwegian spring spawning herring) could be explored.



Ecosystem Effects of Changes in Management and Climate

The cumulative effect of fisheries and climate has, for a majority of studies, showed declines in catches and productivity in commercially important stocks (see e.g., Cheung et al., 2016; FAO, 2018b), although this also depends on the physical projection applied. While climate change might decrease the production in some regions of the oceans, the world is also facing a growing requirement for food (United Nations, Department of Economic and Social Affairs, Population Division, 2019). This is a direct result of a growing human population and the world health goal of zero hunger, indicating that there will be continued demand for increasing catches from the marine fisheries as the world population continues to grow. Enhancing the number of components and also spreading the harvest across multiple trophic levels has been suggested as one solution (Sethi et al., 2010; Garcia et al., 2012; Kolding et al., 2016). However, going to a fully balanced harvest might not be the preferred solution (Howell et al., 2016; Nilsen, 2018).

The Barents and Norwegian Seas ecosystems are among the more balanced harvested ecosystems of the world, harvesting on most trophic levels from copepods (commercial quota given from 2019) to marine mammals (Howell et al., 2016). Increasing the harvest on lower trophic levels can introduce unforeseen predator–prey effects, lowering the catches and/or economic yield at higher trophic levels (Smith et al., 2011). Despite not being a surprise based on previous sensitivity studies of the model system (Pantus, 2006; Hansen et al., 2019), it was interesting to note the strong effect of implementing an Fmsy fishery for the mesozooplankton and mesopelagic fish. Not only was the effect evident in the increase in total catches, but also in the decrease in biomass of other components in the system due to direct and indirect predator–prey interactions. Even though the sensitivity of the model to the zooplankton components might be a structural effect of the Atlantis framework (Hansen et al., 2019), the importance of mesozooplankton (in particular Calanus finmarchicus) as a food source for pelagic fish in the Norwegian Sea is unquestionable (Bachiller et al., 2016).

Contrary to (Smith et al., 2011), where harvesting on forage fish had a strong impact on parts of the ecosystem, the Norwegian and Barents seas ecosystems seem to handle fisheries targeting pelagic fish at Fmsy well. However, there is an important piece that is missing in Fmsy scenarios applied here, namely the capelin. For all eight scenarios, this component is fished rather lightly. Capelin, being short-lived and semelparous, does not translate into an Fmsy easily, and it can be debated whether or not it is possible, or at all correct, to calculate an Fmsy for this component. Based on this we chose to leave the catches at a representative average for the last decade. Due to the total catch allowances over recent years being low, corresponding to the high biomass of Northeast Arctic cod (Gjøsaeter et al., 2015), this resulted in a low harvest rate of the capelin, leaving it rather unresponsive to changes in the fishing pressure. Despite this missing piece, there is an increasingly negative response in catches of the demersal guild with increasing fishing pressure (from 0.6 to 1.1 × Fmsy) in the ‘all in’ simulations compared to the commercial simulations. This indicates a growing vulnerability in the whole system when a larger number of components are being harvested. It is possible that this increasing vulnerability would be even stronger if the capelin had been harvested at a higher rate. This is based on empirical observations showing severe ecosystem effects caused by simultaneously low biomasses of pelagic fish and zooplankton in the Barents Sea (Gjøsaeter et al., 2009). For future studies, we suggest that the harvest pressure on capelin should be implemented using a version of the escapement rule that leaves at least 200,000 t of capelin to spawn (Gjøsaeter et al., 2015).

With the large changes in the management strategies for the historical and future projections, it was particularly difficult to track down changes related to increasing temperatures alone. However, Figure 5 showed an increase in biomasses at the lower trophic levels for 2055–2065 compared to the historical time slot, regardless of fishing pressure at the higher trophic levels. This is in agreement with findings in other papers exploring climate change in the high latitudes (e.g., Steinacher et al., 2010), although model systems applying different physical forcing have reported declines in primary production (Slagstad et al., 2015). Both these studies explain their differences based on changes in the environment, such as reduced light and temperature limitation and advection. Unfortunately, RCP 4.5 was the only down-scaled scenario available for the Nordic and Barents Seas. Skogen et al. (2018) showed that downscaling of low-resolution global models to regional models is important for this area, which is the reason why we chose not to use a global model representing any of the other RCPs. For future work, we strongly recommend that multiple physical scenarios should be available, as this will provide the opportunity to differentiate between the effect of climate change alone compared to the impact of changes in management.



Impact on Catches Following Changes in Management and Climate

Calculating the Fmsy levels for the additional components resulted in the same value for several of the non-commercial stocks (Table 2). This might emerge from these components not being as thoroughly evaluated and parameterized as the large, commercially important stocks. For the commercially important stocks there are much more data available. These conclusions are also supported by Nilsen et al. (this issue), who found that the harvest levels of these components were generally lower than for the commercially important stocks, although the production levels one would expect from these components should not be very different. From Table 1, the Fmsy level for saithe, beaked redfish and Greenland halibut diverges from the historical levels of fishing mortalities.

Applying an Fmsy on the mesopelagic fish and mesozooplankton is relatively unrealistic, due to both the technical aspects with these fisheries, and the role of these species as key prey in the ecosystem. Based on the Commision for the Conservation of Antarctic Marine Living Resources work, a precautionary approach is applied to set the quota for the mesozooplankton in the Norwegian Sea. This gives a total allowable catch of 165 000 tonnes from a total biomass estimated to be above 30 million tonnes, and it also includes area restrictions on where the harvest can take place. The area restrictions are meant to prevent issues with bycatch of eggs and larvae of other species. The aspect of bycatch is a concern with both mesopelagic fish and copepods, and was thoroughly discussed when the management plan for Calanus finmarchicus in the Norwegian Sea was developed (Broms et al., 2016). The main concern in this sense is the bycatch due to mesh size and target areas. We consider the technical details on these fisheries outside the scope of our study and have therefore only considered the ecosystem effects of fishing mortality as such.

The Fmsy multipliers used in this study were taken from the predefined CERES scenarios (Groeneveld et al., 2018). Single-species assessments are, to a large degree, managed with the aim of applying a Fmsy (ICES, 2018a). However, there have been studies showing that applying multiple single-species Fmsys simultaneously is not ecosystem-friendly (e.g., Gaichas et al., 2012), as the cumulative pressure of each of these might result in a total harvest above the threshold of the system. This is explained by predator–prey interactions between the species, which are not taken into account in assessments for the majority of the stocks worldwide (Walters et al., 2005;. Skern-Mauritzen et al., 2016). Although we do not experience a collapse in the system when applying multiple Fmsy simultaneously, we do notice a decrease in both the pelagic and demersal guilds when the Fmsy’s are introduced (Figures 3, 4). We explain this by the combined effect of introducing a higher F for some of the species, in combination with the decrease in biomass at lower trophic levels for half of the scenarios. In addition, there is a significant difference between applying a flat Fmsy on a stock, compared to the harvest control rules (HCR) that presently are a part of a majority of the commercial fisheries in the Norwegian and Barents seas. While an HCR possibly could prevent the collapse of the herring stock (not shown) that was experienced here, this was not the case with the invariant Fmsy.

Extending the number of harvested components, increased the total catches significantly due to the biomass at the lower trophic levels. This resulted in decreasing catches of the traditionally targeted pelagic and demersal guilds. The decrease was not dramatic, 6–10%, but it must be kept in mind that for these scenarios, the number of harvested species also increased for these guilds. Isolated, we would therefore expect a total increase, not a decrease. However, the catches of mesozooplankton increase with several magnitudes, introducing strong bottom-up effects. For the demersal guild, there was a clear connection between increased harvest pressure, increased number of components being harvested, and a decline of demersal catches. Comparing the historical (2005–2015) and the future (2055–2065) biomass, we found a clear decline in the future biomass of pelagic, demersal and LTL-harvested (‘all-in’ scenarios) components, caused mainly by the change in harvest regimes.



CONCLUSION

There are multiple important tradeoffs being identified within and between the management scenarios described here. The most emergent ones are related to the fishing of mesozooplankton and mesopelagic fish. Here, the catches of pelagic and demersal guilds decrease whereas the new fisheries at lower trophic levels can increase a lot. It also has to be kept in mind that the majority of the catches from the pelagic and demersal guilds (in particular the demersal) are being used directly for human consumption, whereas the newer lower trophic level catches with present day consumer behavior cannot fill that role. However, their use for food in aquaculture might be important in terms of food security.

Large end-to-end models such as NoBa should never be used for tactical management (Link et al., 2010; Fulton et al., 2014). However, they can be useful and informative for exploring ecosystem responses to cumulative changes as, for example, in management regimes and fisheries and environmental conditions. As the oceans are facing increasing pressure from global warming and food production industry, we need to explore the possible effects of changes in our traditional fisheries management. Here, using one realization (NorESM RCP4.5 scenario downscaled to regional resolution with ROMS) out of a range of possible future climate projections, we conclude that increasing harvest on lower trophic levels could be beneficial in terms of total catches, but multiple trade-offs need to be considered and discussed across the different sectors involved in both the traditional fisheries and potential new fisheries, before such management changes are implemented.



DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to the corresponding author.



AUTHOR CONTRIBUTIONS

CH performed the simulation, created the figures, and is main author of manuscript. SH provided invaluable discussions on results and significant contributions to the manuscript and figures. RN and KD provided invaluable discussions on results and significant contributions to the manuscript.



FUNDING

SH acknowledges support from the European Union’s Horizon 2020 Research and Innovation Programme under grant agreement no. 677038 (ClimeFish). CH, RN, and KD acknowledge support from the European Union’s Horizon 2020 Research and Innovation Programme under grant agreement no. 678193 (CERES).


ACKNOWLEDGMENTS

We thank Dr. Daniel Howell (Institute of Marine Research, Bergen, Norway) for comments on a draft of this manuscript. We would also like to thank the three reviewers and the editor for all their effort and their valuable critique of the manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2019.00668/full#supplementary-material

FIGURE S1 | Normalized zooplankton biomass time series from (in black) the unforced replicate, and (in orange, whole line) one of the 13 replicates that is forced with the time series of zooplankton growth. The dotted orange line is the fraction that eventually was multiplied by zooplankton growth and applied in the model system to create variability for each scenario.

TABLE S1 | Overview over functional groups and species included in NoBa Atlantis.
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