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Distributing fishing mortality across the widest possible range of species, stocks, and sizes in proportion to their natural productivity (i.e., balanced harvest, BH) has been suggested as a new paradigm of fisheries management to minimize the effects of fishing on the ecosystem structure while maximizing overall yield. Models that have been used to test the effects of BH, however, usually concentrate on fish and assume full alignment of fishing mortality with the productivity of each species. Here, we used the trophic-level-based approach EcoTroph to investigate the effects of BH on the biomass and catch trophic spectra of a virtual ecosystem assuming (1) a full implementation, where all trophic levels can be fished according to their productivity and (2) a more realistic implementation, where low and intermediate trophic levels are only partially exploitable by fisheries mimicking current technological and practical limitations. EcoTroph simulations show that a BH fishing pattern does not fully maintain ecosystem structure but results in small structural changes and a large total yield. The resulting catch, however, was dominated by low trophic levels (i.e., 2–2.5). Considering that fishing mortality cannot be fully aligned to all species, we observed an additional adverse impact of BH: the increase in unexploitable biomass. In contrast, protecting lower trophic levels appeared as an efficient way to limit the impact of fisheries on the highest trophic levels, which play a crucial role in ecosystem stability and biodiversity. We conclude that given our inability to align fishing mortality to the productivity of each species, BH could lead to strong adverse impacts on the ecosystem. Instead of expanding fishing pressure toward new species and trophic levels, we first should ensure the sustainable management of those that are currently harvested beyond their capacity to replenish.
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INTRODUCTION

Balanced harvest (BH) has been suggested as a new paradigm of fisheries management, which minimizes the effects of fishing on the structure of marine ecosystems, while simultaneously maximizing overall yield (Garcia et al., 2012; Kolding et al., 2016c). According to this approach, selective fisheries disproportionally remove certain ecosystem components – often the larger species and size classes – compromising the structure and functioning of marine ecosystems (Kolding et al., 2014).

With the intention to maintain ecosystem structure, while increasing fisheries yield a BH approach not only aims to meet international efforts toward an ecosystem-based approach to fisheries management but also efforts toward global food security (UN Sustainable Development Goal 2, SDG) (Kolding et al., 2016b). Thereby, it partly reconciles ecological and socio-economic goals (Zhou et al., 2019), making it a particularly attractive concept.

Under BH, the intent is to distribute “a moderate fishing pressure across the widest possible range of species, stocks, and sizes of animals within an ecosystem, in proportion to their natural productivity so that the relative size and species composition is maintained” (Garcia et al., 2012). A transition of fisheries management to such an approach, reduces fishing pressure on higher trophic levels, while increasing it on the more productive lower trophic levels, and induces a general fisheries expansion (Law et al., 2013; Zhou et al., 2019).

The BH approach has received considerable criticism (Burgess et al., 2015; Breen et al., 2016; Froese et al., 2016). For instance, that a shift in fishing pressure toward lower trophic levels will deplete prey densities for higher trophic levels (Froese et al., 2016). The approach is, thereby, discordant with other studies that call for reductions in the exploitation of forage fish (Smith et al., 2011).

Balanced harvest has been tested with size spectrum models (Law et al., 2012, 2013, 2016), ecosystem models (Garcia et al., 2012; Heath et al., 2017) and multispecies predation models (Zhou and Smith, 2017; Plank, 2018). These models predict a better or full maintenance of ecosystem structure (Garcia et al., 2012; Law et al., 2012, 2013; Jacobsen et al., 2014; Zhou and Smith, 2017; Plank, 2018), contradicting the concern of negative effects through prey loss. Furthermore, they predict higher total catches (e.g., Garcia et al., 2012; Jacobsen et al., 2014; Kolding et al., 2016c), and sometimes an increase in system biomass (e.g., Garcia et al., 2012; Law et al., 2016). Often the argument is made that maximizing protein production will help meet the basic nutritional needs of a growing population. That directs the focus on the total catch, rather than its trophic composition. Because these studies largely center around the idea of fish communities (e.g., Jacobsen et al., 2014; Law et al., 2012, 2016; Plank, 2018), they indicate that under BH we might have to accept catches dominated by forage fish (Jacobsen et al., 2014) or smaller individuals of commercially important species (Law et al., 2016). It remains the question, which trophic levels will ultimately feed the world when fishing with the BH approach at an ecosystem level.

Setting each ecosystem component proportional to its productivity is arguably impossible in practice, due to technological and practical limitations (Burgess et al., 2015). Particularly, balancing fishing mortality with the production rate (i.e., total production, dimensions mass time–1) is more difficult to implement as it not only requires the knowledge of the productivity (i.e., dimension time–1, P/B) of each ecosystem component but also estimates of its biomass (Heath et al., 2017). Reality shows, that the monitoring and assessment of multi-species fisheries, let alone the implementation of quota systems is highly challenging and rarely possible (Salas et al., 2007; Branch and Hilborn, 2008). Several studies have suggested a minimum size limit (Jacobsen et al., 2014; Law et al., 2016) or have argued that fisheries operate in a socio-economic context and that society will determine the range of organisms harvested; probably exempting some species from fishing (Garcia et al., 2016; Heath et al., 2017). Attempting a BH fishing strategy under technological constraints or deliberately exempting parts of the ecosystem from fishing, could, however, have unforeseen consequences that merit thorough evaluation at an ecosystem level.

In this study, we use the EcoTroph approach (Gascuel, 2005; Gascuel et al., 2011) to revisit the impacts of BH on the structure of marine ecosystems using a virtual ecosystem. EcoTroph is a widely used trophic-level based approach to investigate the impacts of fishing on the ecosystem (Gasche et al., 2012; Halouani et al., 2015; Moullec et al., 2017). The model tracks the quantity and rate of biomass flow through the system and quantifies how fishing effects disrupt these flows, and how they change the biomass and production trophic structure. These aspects lie at the heart of the BH concept. With this approach, we move from a definite number of species (size classes) toward a more holistic, though abstract, representation of an aquatic ecosystem. We specifically address the effect of BH on the biomass trophic spectrum and the relative trophic composition of the catch when balancing fishing mortality with (1) productivity and (2) production rate and investigate which fishing pattern leads to full maintenance of the ecosystem structure. Furthermore, we investigate the consequences of a BH fishing strategy under the assumption of restricted access to lower and intermediate trophic levels to fisheries. Finally, we test the BH fishing strategy on different ranges of trophic levels. This sheds light on the potential effects of broadening the currently harvested trophic level range.



MATERIALS AND METHODS


The EcoTroph Model

EcoTroph is a trophic-level based approach used to investigate the impact of fishing on the trophic structure of marine ecosystems (Gasche et al., 2012; Halouani et al., 2015; Moullec et al., 2017). In the EcoTroph model the system’s biomass is distributed across continuous trophic levels, split into 0.1 classes. The flow equation of the EcoTroph model (Eq. 1) expresses the flow of biomass (i.e., Φ) through the food-web as a function of (1) natural losses due to non-predation mortalities such as excretion and respiration [i.e., μ, transfer efficiency, TE = exp(−μ)], and (2) losses due to fishing (i.e., φ).
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where τ denotes the trophic level and Δτ the trophic level step (i.e., 0.1 for TLs > 2). This biomass flow transfer represents the continuous flow of energy through ontogenetic process and discrete jumps between trophic levels via predation. Energy enters the model at trophic level 1 as generated by the photosynthetic activity of the primary producers, and recycling by the microbial loop. The model does not consider semi-autotrophic organisms (trophic levels between 1 and 2) because they occur in few ecosystems and usually have low levels of biomass (e.g., coral polyps and tridacnid clams).

The mean biomass flow Φτ over the [τ, τ + Δτ] trophic class can be derived from integrating equation 1:
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Because the biomass flow is the density of the production at a given trophic level, we can calculate the production P of a trophic class [τ, τ + Δτ] by multiplying the mean biomass flow with the trophic level step:
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The speed of the biomass transfer from one trophic level to the next (i.e., kinetics, K) can be expressed as the number of trophic levels passed per time (τ . t-1).
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The biomass (B) at each trophic level, thus, becomes a function of the production divided by the speed of the flow:
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This process of biomass flow through the trophic system is a purely physical description analog to the density flow equation and implicitly introduces bottom-up control of prey on predators into the model. In contrast, top-down control is explicitly introduced into the model, by making the speed of biomass transfer partly dependent on the biomass of higher (i.e., predators, pred) trophic levels.
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where F is the fishing mortality and α is a coefficient expressing the fraction of the kinetics that depends on predator abundance. This assumes that the higher the abundance of predators in the system the faster the prey is eaten. The gamma coefficient γ defines the functional relationship between prey and predators. If γ is set to 1 the effect of predator abundance is linear (similar to a Holling type I functional response), and with values below 1 the relationship between the prey and its predators becomes non-linear (closer to a Holling type II functional response). This implementation only allows for the calculation of changes in kinetics due to top-down control and therefore requires a reference system (i.e., ref) for which parameters are known (i.e., K, F, B, and Φ).



Virtual Ecosystem and Simulations of Fishing Effects

To investigate the impacts of different fishing patterns on marine ecosystems (see section “Fishing Strategies”), we created a virgin (unfished) ecosystem using the EcoTroph model. We calculated the biomass flows for a trophic level range of 1 to 5, assuming a production of 100 arbitrary units at trophic level 2 and no fishing (i.e., φ = 0). According to Christensen and Pauly (1993), we considered a conventional TE of 10% for all trophic levels (i.e., μ = 2.30).

According to Gascuel et al. (2008) the productivity of a trophic level under steady-state condition can be described, in practice, as a measure of the speed of the trophic flow (i.e., P/B = Kinetics). We estimated the speed of the biomass flow and calculated the corresponding biomass at each trophic level using Gascuel et al. (2008) empirical equation P/B = 20.19τ−3.26exp0.041T with a mean water temperature of 15°C (i.e., T).

In EcoTroph the speed of the biomass flow is partly dependent on the intensity of fishing and the biomass of predators in the system (Eq. 6). In turn, the biomass is dependent on the speed of the biomass flow (Eq. 5). Given these interdependencies the simulation of fishing effects on the virgin ecosystem relies on a stepwise iteration process. To initialize the calculations a fishing mortality vector is introduced and a new starting vector for the kinetics of a fished ecosystem is estimated by adding the new fishing mortalities to the virgin ecosystem kinetics. The iteration process itself is based on a three-step procedure: (1) we calculate the new biomass flow at each trophic level using the fishing mortality vector (Eq. 1); (2) we recalculate the biomass using the new biomass flow and kinetics (Eq. 5); and (3) we use the new biomass values together with the new fishing mortality vector to recalculate the kinetics (Eq. 6). These three steps are repeated until kinetics and biomass flow values stabilize (i.e., values of iteration i and i + 1 do not vary more than 106). For further details on the iteration procedure refer to Gascuel and Pauly (2009).



The Exploitable Fraction of an Ecosystem

It is unlikely that in the near future we can achieve a fishing pattern that harvests each trophic level proportional to its productivity, because of the current technical and practical limitations of the fishery. Particularly, low trophic levels (i.e., τ = 2:2.5), mainly composed of small zooplankton and benthic invertebrates are usually not or little exploitable, at least according to our current fishing technologies. Intermediate trophic levels (i.e., τ = 2.5:3.5) often consist of some highly targeted species (e.g., small pelagics, shrimps, and cephalopods) and some less or not at all exploited groups (e.g., worms and large zooplankton). We explored the consequences of different fishing patterns under limited exploitability of these low and intermediate trophic levels, by separating the biomass and biomass flow of the ecosystem into an exploitable and an unexploitable part. The transfer from the total biomass to the exploitable biomass is described by a selectivity coefficient S, expressing the fraction of the biomass B exploitable by fisheries:
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where the slope k and the asymptote L were set to 4.84 and 1, respectively. The parameter a is defined by the trophic level where Sτ is equal to 50%. Values of k, L, and Sτ were set according to the conventional values used by Gascuel and Pauly (2009) in order to mimic a likely scenario where on average 10 and 50% of the biomass is exploitable at TL 2.0 and 2.5, respectively (Figure 1.). We explored the sensitivity of the results to different assumptions of a (results in Supplementary Material). Multiplying the selectivity coefficient (Sτ) with the total system values, we can derive the exploitable biomass (B∗), biomass flow (Φ∗), and the fishing loss rate (φ∗) of the exploitable biomass flow (Gascuel et al., 2011). Furthermore, using the exploitable biomass flow and fishing loss rate the natural loss rate (μ∗) of the exploitable biomass flow is calculated as:
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FIGURE 1. Trophic distribution of the coefficient S determining the exploitable part of the biomass at each trophic level (left panel) and an example of the fishing mortalities resulting from different τ50 values (increasing from yellow to blue) at an asymptotic exploitation rate (c1, BHP/B) of 0.4 (right panel). Left panel defines what is exploitable, while right panel refers to what is exploitable in terms of trophic levels.
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We used the empirical model proposed by Gascuel et al. (2008) for finfish P/B = 2.31τ-1.72 exp0.053T to estimate the speed of the biomass flow for the exploitable part of the ecosystem. This results in slower flow speed for the exploitable biomass reflecting the fact that easily exploitable species, such as forage fish or shrimps, often exhibit lower turn-over and thus slower kinetics than less exploitable species occupying a similar trophic level position (i.e., zooplankton).



Fishing Strategies


Balanced Harvest

We tested two different implementations of BH: setting fishing mortalities proportional to (1) the productivity (P/B, dimension time–1) of each trophic level (BHP/B); and (2) the production rate (P, dimension mass time–1) of each trophic level (BHP) (Zhou et al., 2019).

In the BHP/B scenario, setting fishing mortality proportional to productivity results in an exploitation rate that is constant across trophic levels. As the productivity of a trophic level under steady-state condition can be described as a measure of the speed of the trophic flow (Gascuel et al., 2008), the fishing mortality directly relates to the kinetics as:
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where c is a constant between 0 and 1.

The initial fishing mortality of each trophic level was set at 10% of its kinetics (corresponding to an exploitation rate E of 0.1).

In the BHp scenario, the fishing mortality is set proportional to the production rates of each trophic level:
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The coefficient c2 does not represent an exploitation rate and does not need to be set between 0 and 1. However, it is a measure of fishing intensity, like c1. Setting fishing mortality proportional to the production rate accounts for the fact that when removing a given part of the biomass flow from a given trophic level τ, trophic level τi+1 receives less biomass flow and consequently must be harvested with a lower exploitation rate for the biomass structure to be maintained. For comparison purposes, we chose a c2 value (i.e., 0.0039) that resulted in fishing mortalities at trophic level 2 similar to those under BHP/B.

We applied a fishing effort multiplier ranging from 0 to 10 by increments of 0.1 for both scenarios. First, we simulated the impacts of BHP/B and BHP assuming that all trophic levels are equally exploitable (Sτ, value of 1). We also tested the sensitivity of our results to different values of top-down control (α and γ) and TE. As a second step, we searched iteratively for a fishing pattern that fully maintained the biomass structure. For that we started the first iteration with the BHP fishing mortality vector (Fτ = c2*Kτ). For each consecutive iteration i (until convergence), the fishing mortality of each trophic level is corrected by the relative increase/decrease of the relative biomass of that trophic level compared to the virgin ecosystem:
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This allowed to maintain ecosystem structure, with exactly the same rate of reduction of the ecosystem biomass at all trophic levels. We compared the resulting fishing pattern (hereafter called balanced structure harvest or BSH) with the initial BHP and BHP/B BH fishing patterns.

In order to get closer to realistic situations, we then used the BSH and the BHP/B pattern to simulate fishing impacts on the ecosystem assuming that part of the biomass of lower and intermediate trophic levels is not exploitable (Figure 1).



Expanding Fisheries or Intensifying Protection

We explored the performance of a BHP/B and a BSH pattern under harvesting different ranges of trophic levels. For this, we simulated a range of different fishing intensities following a logistic curve with a range of different midpoints values (τ50, trophic level at first capture analog to length at first capture) (Figure 1). The trophic level at first capture represents the level of protection: the lower the τ50 the wider the range of low trophic levels fished (restricted BHP/B and BSH). A τ50 of 1 represents a scenario where the exploitable biomass of all trophic levels experiences the same fishing intensity: that is harvesting the widest possible range (i.e., full BHP/B and BSH). A τ50 around 3.5 can be seen as a proxy of the situation currently observed in many exploited ecosystems. This allows us to look at the results not only by comparison to a virgin state but starting from that “current situation” and thus analyzing the effects of expanding fisheries toward lower trophic levels.



Performance Measures

We compared the performance of the various fishing scenarios tested, using the following metrics:


(1) The total ecosystem biomass and the biomass of predators, compared to the virgin state;

(2) The disturbance index (Bundy et al., 2005), which is a measure of changes in the biomass trophic structure:
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where Ve is the virgin ecosystem;

(3) The high trophic indicator (HTI), which is the percentage of consumer biomass from trophic levels above 4 in the ecosystem (Bourdaud et al., 2016). Because high trophic levels are often strongly impacted by anthropogenic activities (Pauly and Watson, 2005) and have been shown to play a crucial role in ecosystem stability and biodiversity (Rooney et al., 2006; Sergio et al., 2008), such a measure of the abundance of top-predators in the ecosystem can be considered as an index (among others) of functional biodiversity;

(4) The relative amount of exploitable biomass as a measure of structural changes occurring at each trophic level;

(5) The total catch expressed as the sum of catches across trophic levels. To approximate the economic performance of each fishing scenario, we also analyzed the catch trophic spectra, calculating the relative contribution of trophic levels between 3.5 and 5 (hereafter, predatory trophic levels) and the relative contribution of low trophic levels (τ = 2:2.5).





RESULTS


Effects of Balanced Harvest on Biomass and Catch Trophic Structure

Under a BH scenario, where fishing mortality is set proportional to the productivity (time–1, BHP/B), the same proportion of production is harvested at each trophic level, and as a result fishing mortalities scale with trophic level (Figure 2). At all fishing intensities, the resulting biomass structure deviates from the virgin ecosystem, with a stronger biomass depletion of higher trophic levels (Figure 3) resulting in disturbance index values between 0.02 and 0.34. Under such fishing strategy, the catch is centered around lower trophic levels, resulting in 76 to 84% of the total catch coming from trophic level 2 to 2.5. The catch of predatory trophic levels only contributes with 1–3% to the overall catch (Figure 3). The impact on the biomass structure and the high catch of lower trophic levels persists even under different top-down control strengths (Supplementary Figure 1), but changes substantially with different transfer efficiencies (Supplementary Figure 2): the lower the efficiency the lower the biomass and the catch of predators, and thus the higher the proportion of low trophic levels in the total catch (ranging from 63 to 90%).
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FIGURE 2. Fishing pattern (left panel) and biomass (log transformed) trophic structure (right panel) when balancing fishing mortality with productivity (black solid line), production (black dashed line), and when applying a fishing mortality that fully maintains the biomass structure (gray solid line). The red line in the biomass trophic spectrum represents a multiplier of 0 (virgin ecosystem).



[image: image]

FIGURE 3. Biomass (log transformed) and catch trophic structure using a BHP/B (left panels) and a BSH (right panels) fishing pattern. Colored lines depict different effort multipliers (increasing from yellow to blue). The red lines in the biomass trophic spectrum represent a multiplier of 0 (virgin ecosystem).


If fishing mortality is set proportional to the production rate (mass time–1, BHP), mortalities even stronger decrease with increasing trophic level (Figure 2). The resulting exploitation rate for trophic level 5 is more than one magnitude lower: when harvesting trophic level 2 with an exploitation of 40%, trophic level 5 can only be harvested with an exploitation of 1.3%. Under such fishing strategy, the biomass structure is almost, but not fully maintained (Figure 2), with disturbance index values ranging from 0.002 to 0.06. Changes in the biomass structure are particularly sensitive to the magnitude of TE: the higher the TE the higher is the impact on the biomass structure (Supplementary Figure 2). Under a TE of 20%, for instance, the disturbance increases to 0.01–0.27.

The fishing mortality vector we estimated iteratively in order to fully maintain ecosystem structure (BSH), is close but not exactly equal to a fishing mortality vector that is set proportional to the production rate (BHP). It allows for slightly higher mortalities at higher trophic levels and reduces a bit the fishing mortalities of lower and intermediate trophic levels (Figure 2, Supplementary Table 1). The total catch resulting from this fishing strategy is very close to the BHP scenario and about 17–33% lower compared to BHP/B. Compared to this latter one, the low fishing mortalities of higher trophic levels reduce the catches of predatory trophic levels to 0.5% of the total catch and increases those from lower trophic levels (i.e., 2 to 2.5) to 87–89% (Figure 3).



Consequences of Balanced Harvest Under Limited Exploitability

When fishing with a BHP/B or BSH pattern under limited exploitability of lower and intermediate trophic levels, the total catch is approximately 78% lower, because the more productive trophic levels are not fully harvested. Similar, to the full-exploitability scenario, the catch is 23 to 25% lower when fishing with the BSH pattern compared to BHP/B (Figures 4, 6). In the two patterns, the relative predatory catch is improved (5–12% in BHP/B), even if it remains low when fishing with a BSH pattern (2%). When balancing fishing mortality with productivity the trophic levels below 2.4 experience a small increase in biomass due to predation release, leading to increased changes in the biomass trophic structure. According to its aim, the BSH scenario maintains the trophic structure of the exploited part of the ecosystem but the structure of the total biomass is disturbed (Figure 4, 0.007–0.12 disturbance index). In both the BHP/B and BSH scenarios, the relative amount of unexploitable biomass is increasing strongly with exploitation (from 41 to 77% and 74% respectively, Figure 5). This increase varies according to the midpoint chosen: the more trophic levels are fully exploitable, the stronger the relative increase of unexploitable biomass with fishing (Supplementary Figure 3).
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FIGURE 4. Total and exploitable biomass (log transformed), and catch trophic spectrum, under BHP/B (left panels) and BSH (right panels) assuming limited exploitability of lower and intermediate trophic levels. Colors as in Figure 3.
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FIGURE 5. Relative unexploitable biomass in the ecosystem (BHP/B, solid line; BSH, dashed line) under different levels of fishing intensity.
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FIGURE 6. Contour plots of the different performance measures as a function of the harvest intensity (effort multiplier) and the trophic level at first capture (τ50), under a BSH fishing pattern (left panels) and BHP/B (right panels). Thick isolines depict combinations of τ50 values and effort multipliers that lead to (A) a 40% decrease in predator biomass (black), and (B) a catch of 80% maximum catch (red). The stars (*) depict fishing patterns and strategies that maximize total catch (black) and predator catch (blue), while not depleting biomass below 60% virgin biomass.




Effects of Protecting Lower and Intermediate Trophic Levels


Best Fishing Strategy for the Ecosystem

The best fishing strategy from a purely ecological point of view (i.e., lowest disturbance, lowest unexploitable biomass, and highest predator and total biomass) is to delay fishing sufficiently to restrict the impact of fishing to a small range of trophic levels (e.g., τ50 > 4, Figure 6). This level of protection, however, results in a small total catch. For example, with a trophic level at first catch of 4, the catch is reduced by 82 to 98% compared to no protection and a situation where fisheries are targeting all the exploitable biomass of the ecosystem. Generally, a BSH pattern outperforms BHP/B regarding all three ecological indicators (Figure 6). Under such BSH strategy, fishing mortality is set very low for high trophic levels, reducing the overall impact on the predator biomass.



Maximizing Catch1

For a given total catch, harvesting all exploitable trophic levels without any protection (full BHP/B or full BSH) has the least impact on the overall ecosystem structure but induces the highest increase in the relative unexploitable biomass. This strategy does not outperform the protection of low trophic levels in terms of HTI and predator biomass. To reduce the impact on these two performance measures, the trophic level at first catch must be delayed at least to values between 1.8 and 2.6 depending on the amount of total catch.

The BSH pattern outperforms BHP/B in terms of disturbance and predator biomass changes, but it generates stronger increases in relative unexploitable biomass. A BSH pattern also generates higher total catches than BHP/B without depleting total or predatory biomass below 60% (Figure 6). It must be noted that increasing total catch always comes at the expense of higher disturbance and higher relative unexploitable biomass. In other words, if a level at first catch around 3.5 is considered representative of the current situation of many ecosystems, enlarging exploitation toward lower trophic levels, would lead to higher ecological impacts in terms of unexploitable biomass.

In our tested scenarios, to get the largest predatory catch, fishing mortality should be balanced with productivity and trophic level at first capture should be delayed to τ50 3.7 (Figure 6). Contrasting to maximizing total catch it induces a lower impact on the amount of unexploitable biomass and biomass structure but reduces total catch by 71% compared to its maximum. For a given predator catch, a full BH pattern has the same or a higher impact on the ecosystem structure, a higher impact on the total biomass and predator biomass, and a higher impact on the relative unexploitable biomass compared to a fishing strategy where lower trophic levels are protected (i.e., restricted BHP/B).

Total catch and predatory catch are only partly reconcilable: To keep both as high as possible (72 and 60% of the maximum total and predatory catch, respectively), while keeping total and predator biomass above 60%, trophic level at first catch should be delayed to 2.6 at an exploitation rate of 0.3 while setting fishing mortality proportional to productivity (BHP/B).



DISCUSSION


Potential Impacts of a Full Implementation of Balanced Harvest

The EcoTroph theoretical approach demonstrated that, neither balancing fishing mortality with productivity nor with production maintained the ecosystem structure. These results are in line with findings from other studies testing the impact of a BH fishing strategy (Law et al., 2014; Plank, 2018). When using productivity (P/B, dimensions time–1) as the measure to balance fishing mortality, the resulting exploitation rate – that is the part of the harvested production – is constant across trophic levels. Because losses in production due to fishing at the basis of the food-web will be propagated during trophic transfer, higher trophic levels experience higher biomass changes. This notion of “prey” loss has prompted the call for reducing the exploitation on lower trophic levels (Smith et al., 2011) and has been addressed by Froese et al. (2016) in their critical view on the BH concept. If we aim to maintain ecosystem structure, we must account for these cumulative losses by reducing the exploitation rate on higher trophic levels accordingly. In other words, expanding fisheries exploitation toward low trophic levels would necessarily come at the expense of catches from high trophic levels.

One proposal has been to set fishing mortality proportional to production (P, dimensions mass time–1). This implementation was very close but did not fully maintain ecosystem structure, which seems to be consistent with results from other studies (Law et al., 2014; Plank, 2018). An ideal distribution of fishing mortalities that maintained ecosystem structure varied depending on the fishing intensity as fishing directly impacted the productivity of each trophic level. Furthermore, because fishing also impacts TE (Maureaud et al., 2017) and top-down control strength (Cury and Shannon, 2004; Colléter et al., 2015), there simply might not be a general fishing pattern that maintains ecosystem structure. Then a steady adaptation of the fishing mortality using the information on production (mass time–1) becomes a crucial aspect of BH (Heath et al., 2017). This is important to keep in mind because BH is often referred to as a fishing strategy that can maintain ecosystem structure by balancing fishing mortality with some measure of productivity, often referring to P/B (Garcia et al., 2012; Burgess et al., 2015; Kolding et al., 2016c).

Here, we tested a BH fishing strategy in a theoretical ecosystem context using an abstract representation of an entire food chain, from primary producers to top predators. Our results indicate that although total catches might be very large, more than 70% and up to 90% (when balancing fishing mortality to production) of those catches will come from trophic levels between 2 and 2.5. This concentration of catches on very low trophic levels was even higher in another study testing BH using a Holling-Tanner model (95% in Plank, 2018). We tested not only different magnitudes of TE but also different distributions and we find that the percentage of the catch coming from lower trophic levels remains systematically very high. It must be noted though that in the EcoTroph model applied here, the TE does not change with the intensity of fishing. A starting point for future simulations could be to model different transfer efficiencies for the exploitable and unexploitable part of the ecosystem.

While it has been recognized that under a BH fishing strategy a large part of the catch would be comprised of forage fish and juvenile fish (Jacobsen et al., 2014; Law et al., 2016), we show that at an ecosystem scale our aquatic animal protein would mainly be coming from zooplankton, meiobenthos, and benthic invertebrates. In other words, if we want to fully maintain ecosystem structure, we will have to profoundly shift our consumer preferences from finfish to invertebrates and plankton.



Consequences of Balanced Harvest Under Imperfect Implementation

When BH is applied in situations where not all trophic levels are equally exploitable, we not only observe a higher disruption of the ecosystem structure but also an additional effect on the ecosystem: the increase in less or unexploitable biomass. Given the selective nature of fisheries, it is highly questionable that we will be capable of perfectly aligning fishing mortality with productivity for all species and size classes in the near future. These constraints for fisheries management are nothing new: species have different catchabilities that can emerge from different technical and species-specific biological aspects (e.g., morphology and behavior), leading to a mix of over and under harvested species in the catches (FAO, 2018; STECF, 2019). And yet, BH has been tested to date solely under the assumption of full implementation. We evaluated the impacts of a more realistic implementation, where only a fraction of lower and intermediate trophic levels is exploitable. One could imagine, however, that there is no clear trophic pattern in the exploitability of biomass to fisheries management, but that this effect holds only true at the species level and is masked when aggregating species with different exploitabilities. While our model outcomes are dependent on the trophic distribution of exploitability, we also demonstrate that qualitative results are robust to different trophic level mid-points.

We show that expanding exploitation toward trophic levels for which fishing mortality cannot be fully aligned to the productivity of each species (e.g., zooplankton or benthic invertebrates), will disrupt the balance between exploitable and non/less exploitable species at each trophic level. In this context, a BH approach facilitates the proliferation of the latter and induces structural changes in the food web that may not be detected by the overall ecosystem trophic structure. Humans, as any predator, are part of natural ecosystems and thus cannot live off the sea without leaving traces.



Best Fishing Strategy

One central aspect of the BH approach is to set fishing mortality proportional to productivity, to ensure sustainability. This aspect is consistent with FMSY, the usual target for sustainability, also relating to stock productivity. As a rule of thumb, Gulland suggested as early as in 1971 to set FMSY equal to natural mortality, and thus, under steady-state condition to 0.5⋅P/B.

The other – more controversial – idea of the BH approach is to call for an expansion of fisheries toward the widest possible range of species stocks and size classes. In our analysis, the overall impact on the ecosystem was lowest when only harvesting a few trophic levels (>4): less disruption of the ecosystem structure, less change in exploitable biomass and less impact on system and predator biomass. At the same time, such a fishing strategy ensured only very limited catches. On the other hand, our analysis confirms that fishing all trophic levels proportional to their productivity maximizes catch while minimizing the impact on the overall ecosystem structure (Jacobsen et al., 2014; Law et al., 2014; Zhou and Smith, 2017). This may justify expanding fisheries toward lower trophic levels, but our results also show that through cumulative effects, such an expansion increasingly impacts the biomass of high trophic levels.

Furthermore, the argued decrease in excessive fishing mortality, currently applied to many high trophic level species (Charles et al., 2016), might be sidelined in practice by the simple addition of new fishing mortalities to the current ones. In fact, fisheries management should prioritize the preservation of higher trophic level biomass because it has been shown that key species are likely to be found on the top of the food chain (Cury et al., 2003) and top predators can have stabilizing effects on the ecosystem and increase biodiversity (Rooney et al., 2006; Sergio et al., 2008). While we may better conserve the size or trophic structure of an ecosystem with a BH fishing pattern, the system could experience marked changes in species composition (i.e., loss in predator biomass and increase in less exploitable species), ultimately impacting biodiversity. The here presented modeling approach does not track the fate of a species and thus can only limitedly inform on the above presented aspects. Future efforts should be made to understand the changes in species composition and biodiversity including processes such as competition when fishing with a BH strategy.

Despite maintaining ecosystem structure, a central argument for a full BH implementation is the maximization of total catches. This supposedly serves to facilitate the SDG goal 2 aiming at increased food security (Zhou et al., 2019). The intention here is to shift away from the current harvest system which has been called relatively inefficient due to its concentration on the top of the food chain (Kolding et al., 2016a). Using the more productive lower trophic levels could be considered a priority for management given that the number of malnourished people in 2010 has been estimated at 1 billion (FAO et al., 2019), and that a further increase in the global population to 9 billion by 2050 is expected (Godfray et al., 2010). The fact that nutritional needs are present in many coastal communities around the world where enough fish catches are produced, however, highlights that maximizing catches would not necessarily increase food security (Hicks et al., 2019). It has also been demonstrated that in several developing countries nutritional needs could be met by only a portion of the current catches (Hicks et al., 2019). Most of the catch from those countries is, in fact, exported to developed countries (FAO, 2018): we fish in the south and consume in the north. This highlights that food security is determined by multiple factors, including food access, utilization, and distribution (Barrett, 2010) and not only fisheries production.

In addition, the projected increase in global animal protein demand is said to be driven by consumer preferences (Tilman and Clark, 2014). In industrial fisheries, the preference for and the high market value of large fish may call for balancing between total and predator catches. In our model, applying a BH approach to all trophic levels did not fulfill this goal. Lower trophic levels had to be protected to maintain a relatively high predator catch. That begs the question: who benefits from an expansion of fisheries toward the exploitation of all prey fish or even zooplankton? Since these resources are already exploited mainly by large industrial vessels (see for instance the krill fishing in Greenland), it may well be that such an expansion mainly serves industrial sectors like the fish meal industry. It most likely ensures the profitability of exploiting low value products caught in large quantities. More generally, this may call for a focus on more equitable rules in sharing and access to global fish production rather than on developing fishing strategies that intend to enlarge fisheries production indefinitely. Modifying marine ecosystems toward food production systems dominated by less exploitable biomass will further divide nature and human society.



CONCLUSION

Our analysis highlights that applying a BH fishing strategy could not maintain ecosystem structure. When setting fishing mortality proportional to productivity, the biomass of predators experiences negative cumulative effects due to prey loss. Because aligning fishing mortalities with the productivity of each species is currently unachievable in practice, BH must be tested under imperfect implementations. We show that although a BH approach let to reduced changes in ecosystem structure and large total catch, it also disrupted the balance between highly exploitable and less exploitable species at each trophic level. While the use of a steady-state virtual ecosystem is appropriate to explore the theoretical consequences of a BH strategy, future efforts need to evaluate BH and the here explored aspects with dynamic models representing real ecosystems.

From a practical point of view, there is a risk that efforts to implement BH will tend toward a broadening of the range of species fished rather than applying a moderate, balanced fishing mortality. Under such circumstances, it will likely lead to a net increase in fishing pressure on the ocean. Nutritional needs of a growing population should not be used to justify such an expansion toward an increased impact on marine ecosystems, since larger fisheries productions will not necessarily tackle food insecurity and malnutrition. Considering this and our inability in the near future to align fishing mortality with productivity calls for a precautionary approach: before expanding our current fisheries to the widest possible range, we should adequately manage those species that are currently harvested beyond their capacity to replenish.
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FOOTNOTES

1 Maximum catch here refers to the maximum catch generated without reducing the total or predator biomass below 60% of its virgin biomass.
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