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There is rising concern over the future states of marine ecosystems, with multiple drivers interacting and putting pressure on resources. Understanding the future of these systems is becoming increasingly important in the drive to safeguard marine resources for future generations. Despite the increasing complexity of predictive models, their reliability in predicting the future of marine ecosystems remains restricted. Scenarios can be used as a tool to provide plausible narratives of how the future might look, potentially allowing fisheries managers to mitigate some impacts before it is too late. In this study an indicator-based framework has been used, which has previously proven successful in assessing states and trends in marine ecosystems. The Southern Benguela ecosystem was assessed under increased primary production (PP) conditions that are considered plausible in the future of the ecosystem. Based on modeled increases in biomass of species within the ecosystem under these conditions, scenarios were tested to see whether it may be possible to increase fishing pressure while maintaining ecosystem wellbeing. Three model scenarios were assessed: increasing fishing on selected prey species, predatory species and both predators and prey. Decision trees were used to assess ecosystem trends, while ANOVAs were conducted to assess the end state of the ecosystem under each scenario. The results suggest that under increased PP conditions it may be possible to increase fishing pressure on prey species while maintaining, or possibly even improving, ecosystem state. In terms of the prey, and the predator and prey scenarios, some contrasting results were observed. While an increased number of declining indicator trends were observed in these scenarios, the end state analysis did not paint such a negative picture. However, declining trends in indicators cannot be ignored, and caution would need to be taken if fishing pressure was to be increased as in these scenarios.
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INTRODUCTION

The futures of marine ecosystems are unclear, with the potential effects of drivers such as fishing, climate change, shipping, and pollution remaining largely unknown. Climate change is one of the most widespread drivers of marine ecosystems and the effects of this driver on marine biodiversity are likely to escalate in the future, however, the intensity of impacts will differ geographically, dependent on ocean conditions and the sensitivity of species in particular regions (Roessig et al., 2004; Harley et al., 2006; Cheung et al., 2009). Numerous models are currently being used to attempt to predict the futures of marine ecosystems, ranging from predicting changes in species compositions to forecasting the future profitability of fisheries under climate change (e.g., Cheung et al., 2009; Pereira et al., 2010; Jones et al., 2015; Molinos et al., 2016). Yet despite the ever increasing complexity of marine ecosystem models, there are still limits to the reliability of predicting the state of ecosystems in future decades, the time scale necessary for climate projections (Planque, 2015). Scenarios can be used to help account for such uncertainties, providing plausible narratives on how the future might unfold. As defined by the IPCC, a scenario is a plausible description of how the future may develop, based on a coherent and consistent set of assumptions about key driving forces. There is, therefore, potential for scenarios to provide an insight into possible futures, allowing policy makers and stakeholders the opportunity to mitigate some negative effects and avoid reaching worst-case scenarios. Here scenarios involve both drivers within (e.g., fishing pressure) and outside (e.g., environmental change) management control.

Multiple attempts have been made to investigate the future effects of climate change on marine organisms, but these have generally dealt with only limited taxa or specific regions. A more global perspective is needed on a wider range of marine species to better understand the future of the oceans. The decision tree framework developed in Lockerbie et al. (2016) has successfully assessed and categorized the state of the Southern Benguela, South Catalan Sea and North Sea systems at the ecosystem level. The framework utilized suites of ecological, fishing and environmental indicators, identifying trends and interactions to understand changes occurring within ecosystems. These indicators were derived from the IndiSeas project which aimed to investigate “Ecosystem approach to fishing (EAF) Indicators: a comparative approach across ecosystems.” The IndiSeas project provides several examples of how indicators can be used to evaluate multiple marine ecosystems (e.g., Bundy et al., 2010; Shin and Shannon, 2010; Coll et al., 2016). To ease communication, these indicators have been formulated so that, ideally, high fishing pressure should cause declining indicator values and therefore a deteriorating of the ecosystem, and vice versa. However, as these indicators are often responding to multiple drivers, care must be taken when interpreting indicator trends (Shannon et al., 2014; Coll et al., 2016).

The nature of this framework could make it useful in predictive studies, providing a means to assess future states and trends. Outputs from predictive models could provide data with which to calculate a restricted suite of indicators which, when assessed using a modified version of the framework, could allow a comparative study of the future states of multiple marine ecosystems. As this framework was originally developed for use in the Southern Benguela ecosystem, this system was selected as the initial ecosystem in which to test the use of scenarios and a modified framework. The Southern Benguela is impacted by multiple factors, both natural and anthropogenic, with fishing long being recognized as one of the oldest and most fundamental factors reducing biodiversity and modifying ecosystem functioning (Jackson et al., 2001). However, the impacts of fishing are intensified when acting in conjunction with other factors such as climate change, and may have unanticipated effects that propagate throughout the ecosystem (Crowder et al., 2008).

The Bakun Hypothesis (Bakun, 1990) suggests temperatures over land will increase faster than those in the adjacent ocean. This contrast in temperature will intensify cross-shore pressure gradients, increasing the upwelling favorable winds that are the main driver of upwelling in the Southern Benguela. However, it has been acknowledged that other factors, such as natural multi-decadal climate variability, may also have contributed to observed increases in upwelling variability (Cropper et al., 2014; Sydeman et al., 2014; Bakun et al., 2015).

The aim of this study was to employ a developed decision tree framework and evaluate its effectiveness in assessing the future state and trends of the Southern Benguela ecosystem under a series of scenarios that encompass plausible trajectories for the future of the ecosystem, both in terms of fishing pressure and climate. Assessment of the ecosystem under these trajectories should allow insight into possible futures of the Southern Benguela ecosystem, with the framework potentially providing a tool with which fisheries managers and stakeholders could predict unfavorable changes that could occur within the ecosystem. Indicators were calculated from a trophic model developed using Ecopath with Ecosim and fitted to available catch and biomass time series for the period 1979–2015 (adjusted from Smith et al., 2011). Using the trophic model-derived indicator set, a modified version of the framework developed in Lockerbie et al. (2016) was then used to assess the ecosystem under each scenario. The use of such a framework could provide an understanding of possible futures of the Southern Benguela ecosystem, contributing much needed information for fisheries managers and stakeholders.

MATERIALS AND METHODS

Scenarios

While many drivers simultaneously influence marine ecosystems, based on the importance of upwelling in the Southern Benguela, the decision was made to focus solely on this climatic driver for this study. As this is currently purely an exploratory study, choosing one climate scenario alongside a range of fishing scenarios ensures the process is not overcomplicated and allows us to test the framework under simplified conditions. The comparison of a variety of forced modeled scenarios to a baseline scenario, depicting the ecosystem if it were to continue under current conditions, allows the relative state of the ecosystem under each scenario to be assessed and understood.

It remains unclear how upwelling within Eastern Boundary Upwelling Ecosystems (EBUEs), such as the Southern Benguela, will change. However, based on the Bakun hypothesis (Bakun, 1990), which predicts an increase in the difference in atmospheric pressure over land and the oceans, resulting in an increase in upwelling within EBUEs, it was decided that an increase in total cumulative upwelling is plausible in years to come. To determine a realistic increase in upwelling, the total cumulative upwelling values from Lamont et al. (2018) were utilized. Lamont et al. (2018) observed a mean total cumulative upwelling of 495 m-3 s-1 100 m-1 in the Southern Benguela between 1979 and 2014, with a peak in upwelling around the late 90 s. A drastic increase in upwelling was observed over a period of around 10 years (see Lamont et al., 2018, Figure 6a), increasing from around 200 m-3 s-1 100 m-1 in 1988 to around 900 m-3 s-1 100 m-1 in 1998. The environmental conditions in the late 1990s/early 2000s resulted in a short-lived but significant increase in small pelagic fish within the Southern Benguela (Roy et al., 2001). Over these years, during which environmental conditions may be considered “ideal,” total cumulative upwelling was around 800 m-3 s-1 100 m-1. For these reasons, the decision was made to increase upwelling over a period of 10 years in this study, resulting in a scenario where mean upwelling would be around 800 m-3 s-1 100 m-1. However, it is important to note that mean upwelling in itself cannot be incorporated directly into the Ecosim modeling process. Rather, hypotheses around the process whereby upwelling would affect the southern Benguela food web are used. Therefore, despite the fact that we have modeled system dynamics that would be expected under increased upwelling, technically an increase in primary production (PP) is being considered in the model. Therefore, the scenario must be considered an increased PP scenario (Increase PP scenario), rather than a true scenario of increased upwelling. This distinction is important as the model does not capture the other dynamics associated with increased upwelling, such as decreased temperature and increased offshore transport.

The dynamic trophic model of the Southern Benguela, fitted to catch and abundance time series data (Shannon et al., 2004, 2008; Smith et al., 2011) has been updated to comprise 49 functional groups, 20 fishing fleets and to span the period 1978 to 2015. Fished groups were driven by available time series of fishing effort (e.g., hake trawl effort was calculated form GLM-based catch per unit effort (Rademeyer and Butterworth, 2016) and catch records from the Department of Agriculture Forestry and Fisheries (DAFF), scaled relative to 1978) applied to 12 of the model fleets, and model trajectories of biomass and landings outputs for 1978–2015 (Shannon et al., in preparation) were compared to catch and abundance time series that were kindly provided by DAFF from the commercial catch, acoustic survey (small pelagic) and swept-area demersal trawl survey databases, supplemented by stock assessment data [reported in the DAFF working group documents, such as de Moor (2016)]. Using Ecosim (Walters et al., 1997) “Fit to Time Series” routines, the 25 most sensitive predator-prey interactions were identified and vulnerabilities (of prey to predators) were estimated to improve model fit to data series of field observations.

While the effects of enhanced upwelling on phytoplankton communities are not fully understood, it is likely that increased PP will result in increased standing stock biomass, increased rates of PP and an increase in mean cell size (Williams and Follows, 1998; Sweeney et al., 2003; Finkel et al., 2009). This has somewhat been observed in the Southern Benguela, where, alongside increases in upwelling, PP was observed to increase from an average of 2 g C m-2 d-1 between 1979 and 1987 (Brown et al., 1991), to a maximum of between 3.37 and 6.98 g C m-2 d-1 in 2006/2007 (season dependent; Lamont et al., 2014). Based on this, the decision was made to increase PP by a factor of two when forcing the model. In reality, after an initial increase in small phytoplankton cells, the contribution of small cells to the phytoplankton community would likely decrease under increased PP conditions, being replaced by larger cells, reducing the contribution of these smaller cells to PP (Finkel et al., 2009). Therefore, only the production of large-celled phytoplankton was increased by a factor of two over 10 years, from 2015 to 2025.

Phytoplankton were modeled as two size groups, based on Probyn (1992), namely small phytoplankton <10 μm and larger phytoplankton >10 μm. To account for the increased productivity described above, an environmental anomaly based on total annual cumulative upwelling (Lamont et al., 2018) was applied to large-celled phytoplankton, and an additional, small, model-estimated environmental anomaly was applied to small-celled phytoplankton to further refine model fit to abundance data.

Following the increase over the 10-year period, the level of upwelling (i.e., production of the large phytoplankton model group) was kept constant representing a “new normal” situation with increased total cumulative upwelling. A Baseline scenario (modeling the ecosystem into the future under the present climate and fishing pressure) and an Increased PP Only (Increased PP only) scenario (leaving fishing pressure at current levels but increasing PP levels as described above) were run first. These scenarios are important as they allow a comparison of the different end-states following the implementation of fishing scenarios and allow a better understanding of whether observed changes resulted from changes in fishing pressure or from changes in upwelling.

Three potential fishing pressure scenarios were selected; the Fishing on Prey scenario, the Fishing on Predators scenario and the Fishing on Predators and Prey scenario. In each scenario fishing pressure was increased on selected species by increasing the fishing pressure (F rate) on each individual species or group, based on (in the absence of model production time series) modeled changes in biomass in the Increased PP Only scenario. The factor by which to increase fishing pressure was determined by looking at relative increases in biomass between the Baseline and Increased PP Only scenarios for each species. The difference in biomass between the two scenarios in the year 2025 was used to provide a factor by which to increase fishing pressure, allowing the species time to react to the increase in PP and the resultant changes in environmental conditions (see Table 1 for detailed information on individual species/groups increase factors). The newly increased levels of removals (F) were applied in the altered fishing simulation periods based on the scenario being modeled. This allowed fishing pressure to be increased by an amount that would be plausible based on the observed increases in biomass, but not by an amount so high that it would result in the collapse of certain species or collapse of the ecosystem. Here we have adopted then latest IUCN definition of an ecosystem collapse, whereby an ecosystem is considered to have collapsed when it has lost its defining features (Bland et al., 2018). In the case of the Southern Benguela this could include the loss or replacement of certain groups of fish that are strongly involved in ecosystem functioning.

TABLE 1. Details on the species for which fishing pressure was increased in the various scenarios.
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Within the Fishing on Prey scenario, fishing pressure was increased only on selected, fished, low trophic level (LTL) species, namely: anchovy recruits and spawners, sardine recruits and spawners, redeye, juvenile horse mackerel and lanternfish. These species make up about two thirds of the modeled biomass (excluding all plankton and detritus) and half of the modeled catch. These species all showed an increase in biomass under the Increased PP Only scenario making it likely that, under such conditions, fishing pressure on these species could be increased. Within the Fishing on Predators scenario, fishing pressure was increased only on selected high trophic level (HTL) species that increased in biomass under increased PP conditions, namely: adult horse mackerel, chub mackerel, snoek, tuna, large sparids, medium sparids, yellowtail, other linefish, mullet, all hake species, all other demersal species, and pelagic- and benthic-feeding chondrichthyans. These HTL species make up only a fifth of the modeled biomass within the ecosystem (excluding all plankton and detritus), however, account for just under half of the modeled catch. Finally, fishing pressure was increased on all the above mentioned low and HTL species, referred to as the Fishing on Predators and Prey scenario.

The model fitted to 2015 was then run from 2016 to 2040, changing primary productivity of large-celled phytoplankton, and/or fishing mortality rates of selected fished groups, depending on the scenarios examined. In the case of altered fishing, the increased levels of F per species (see Table 1) were applied as simple, constant, higher Fs over the altered fishing simulation period, based on factors of biomass change in baseline versus high productivity biomass levels in 2025 (see explanation above). The biomass and catches varied more in initial simulation years so that where indicator values were examined, results were extracted for the last 10 years of the simulation period (years 2016 to 2040), once the modeled ecosystem and fisheries had stabilized at these new fished and productivity levels.

This approach varies from other indicator studies that tend to increase fishing pressure by the same relative proportions with respect to a baseline (e.g., Fmsy) on all high and LTL species under increased fishing pressure scenarios (e.g., Ortega-Cisneros et al., 2018; Shin et al., 2018). The aim here, however, also differs from those studies. Rather than trying to identify how much an ecosystem can be exploited before it collapses, here we tried to identify sensible increases in removals that would allow increased catches without precipitating a declining state of the ecosystem. Accordingly, the key here was to only remove species that have shown some recovery over the 10 years of increased PP, not those species that showed no trend or a decline, therefore avoiding testing scenarios of overexploitation of vulnerable species.

Assessing Ecosystem Trends Under Each Scenario

The novel decision tree framework described in Lockerbie et al. (2016), and applied in Lockerbie et al. (2017a,b), was adjusted for use in this study. This framework has been used to assess the state and trends in multiple marine ecosystems, assessing the influence of both fishing pressure and the environment on the ecosystem to assess overall state. Indicators used in the framework are derived from the IndiSeas project. However, from the entire suite of IndiSeas indicators (Blanchard et al., 2010; Shin and Shannon, 2010; Shannon et al., 2014; Lockerbie et al., 2016), some indicators were not calculable from the model outputs, such as fish length, while others pertain to the fishing scenario descriptors (intrinsic vulnerability index, marine trophic index, and inverse fishing pressure) which are immaterial in this context wherein we are directly manipulating fishing manually. Therefore, we have focused on ecological, non-fishing strategy indicators within this study. Namely proportion of predators, catch, trophic level of the modeled community (TLmc) and trophic level of landings (TL landings). These indicators still cover a range of desired traits of IndiSeas indicators including maintaining ecosystem structure and functioning, conservation of biodiversity and maintaining ecosystem stability.

As ecological time series are frequently characterized by autocorrelation due to ecosystem dynamics it was necessary to try and account for this when identifying indicator trends. Therefore, a linear model was fitted to each indicator using a generalized least square regression. This involved a two-stage estimation process, following previous IndiSeas procedure (see Coll et al., 2008; Blanchard et al., 2010), to account for autocorrelation in the residuals and to satisfy regression assumptions. Firstly, an ordinary least-squares regression model was used to fit a straight-line model. However, if autocorrelation was detected (defined as a p-value > 0.05 in a Durbin–Watson test) then we proceeded to stage two. Stage two involved the application of a generalized least-square regression to fit the straight-line model, with more flexibility in the assumptions about the error terms (Blanchard et al., 2010), i.e., e (N (0, Σ). Here, Σ is a covariance matrix based on the assumption of e having a temporal dependence structure following an autoregressive process of order 1 [AR(1)] (Coll et al., 2008; Blanchard et al., 2010). The magnitude of the trend was detected based on whether the slope was significantly different from zero (Note: These tests were conducted on standardized indicator values to allow a comparison of trends. Indicators were standardized by subtracting the mean and dividing by the standard deviation).

Adjusting the novel score-based approach developed in Lockerbie et al. (2016), where indicators were categorized based on the significance of trends, here indicator trends were attributed a score based on whether the slope was significantly different from zero and the magnitude of detected trends. The scoring system has been formulated so that higher scores are attributed to a negative trend (i.e., negative effect on ecosystem based on the formulation of IndiSeas indicators), and therefore higher overall scores are attributed to adversely impacted ecosystems. In the analysis of indicator trends a significance level of 0.1 is used, accounting for high interannual variability within time series (Howard et al., 2007). Five scoring categories were used to classify detected trends based on the magnitude of the trend: strong positive trend (slope 0.05 to 0.1) = 1; moderate positive trend (slope 0 to 0.05) = 2; no trend (slope not significantly different from zero) = 3; moderate negative trend (slope 0 to -0.05) = 4; and strong negative trend (slope -0.05 to -0.1) = 5. These categories were selected based on frequency models of both positive and negative trends. Typically, the next step in the application of the framework was to determine the impact of the fishing pressure and environmental variability on indicator trends. However, in contrast to previous studies using this framework, since both the environment and fishing pressure were being manually manipulated in the model the addition of such score adjustments seemed superfluous in this study. Based on these trends in indicators, an overall ecosystem score was calculated and the ecosystem could be placed into one of five categories: improving, possibly improving, no improvement or deterioration, possibly deteriorating or deteriorating (Table 2).

TABLE 2. Overall ecosystem scores (after application of weightings) and corresponding ecosystem categories of ecosystem classification [adjusted from Lockerbie et al. (2016)].
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Catch and TL landings were not included in the decision tree framework as ecological state indicators but were rather used in end-state analyses. However, it is important to consider the fact that the TL landings is likely strongly influenced by the increased fishing pressure being implemented in the model when assessing the influence of the observed trends on the ecosystem. However, as this indicator was also influenced by changes in species for which fishing pressure was not increased in the various scenarios, the decision was made to retain this indicator in this study. Together with the decision-tree based on the three biomass-based indicators, and the end-state analyses based on all five indicators (Table 3), analyses allowed us to better understand and interpret the influence of fishing pressure on the ecosystem under each scenario. In the original applications of this framework [e.g., Lockerbie et al. (2016)] the catch-based indicators would have been included as “fishing pressure indicators.” However, as fishing pressure was already forced in these scenarios, the decision was made not to try include these indicators in decisions trees, to avoid compounding the identified influence of fishing pressure.

TABLE 3. Description of indicators used in this study, alongside equations of how indicators were calculated.
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For the end-state analysis, an ANOVA was used to compare the means of all six indicators between the five scenarios modeled. Data from the final 10 years of each modeled data series were used, allowing a comparison of the relative future well-being of the ecosystem under each scenario. The significance in the difference between the ANOVAs was determined using a Tukey post hoc test.

It is typical, in simulation studies, to perform sensitivity analyses to assess the implications of assumptions that are made. This would hold true for the current framework, where assumptions are made in terms of both fishery selectivity and the increases in fishing pressure. However, as the purpose of the present study is at this stage is purely to explore the ability of the framework to capture modeled ecosystem changes arising from a simple yet feasible climate scenario, this step has not yet been included. However, it would be a necessary step if this framework were to be used as a tool to inform fisheries managers and stakeholders in a “real world” simulation.

RESULTS

Baseline Scenario

The Baseline Scenario was run as a “status quo” version of the model. In this case current levels of fishing pressure and the current environmental regime were kept at the same level as in the last year to which the model was fitted, namely 2015.

Under this scenario there were no significant trends in either biomass or TLmc, while there was a moderate increase in the proportion of predators. While fishing pressure and PP were not increased in this scenario, the underlying environmental conditions and the maintained fishing pressure would both have somewhat impacted indicator trends. The lack of significant trends in biomass and TLmc likely resulted from the lack of forcing in fishing pressure and environmental drivers, such that the ecosystem muddled along in a similar state to that at the start of the simulation (2015) and, as would be expected, there were therefore no changes in species/groups large enough to be detected in the ecosystem indicators. The overall ecosystem score was calculated as 2.66 and therefore the ecosystem was classified as neither improving nor deteriorating in this scenario (see Table 4). This is in line with what was found in the final period of Lockerbie et al. (2016), from 2004 to 2010, suggesting the framework was able to successfully categorize the modeled ecosystem, and/or that the modeled ecosystem state matched that based on research survey data-derived indicators.

TABLE 4. Summary of indicator trend scores.
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Increased Primary Production Only Scenario

The Increased PP Only scenario was run to provide an easy method of understanding which trends arose from changes in PP and which arose from changes in fishing pressure. When upwelling increases there is, generally, a substantial increase in PP due to increased nutrients. This increase in production will propagate through the food web, with lower trophic level species reacting more quickly to changes in PP, whereas it takes longer for positive effects to reach higher trophic levels. Therefore, it is likely that LTL species will increase first, followed in later years by increases in HTL species.

Strong positive trends were detected in all indicators in this modeled scenario, suggesting that increased upwelling (modeled via increased PP) would have very positive impacts on the ecosystem if there was no increase in fishing pressure. In applying the scoring framework, based on the lack of change in fishing pressure, it can be assumed that the increases observed in all indicators resulted from the increased PP. The ecosystem received an overall score of 1.33, and was therefore classified as improving over this period, again supporting the hypothesized positive influence increased PP would have on the ecosystem (see Table 4).

Increased Fishing on Prey Scenario

Under this model scenario, fishing pressure was increased on selected LTL species (see Table 1) in conjunction with increased PP. LTL species generally react faster to changes in environmental conditions and their populations can expand rapidly under ideal conditions (Cury et al., 2000), such as increased PP resulting from increased upwelling. It is, therefore, unsurprising that several LTL species such as anchovy, sardine, and redeye showed strong increases in biomass in the 10 years over which PP increased (see Supplementary Figure S3). Strong positive trends were observed in biomass and the proportion of predators were observed, suggesting that even under increased fishing pressure there were positive impacts on the ecosystem. The increase in biomass can be linked to increased PP under increased upwelling conditions, which propagates through the food web resulting in increases in both low and HTL species. The increase in the proportion of predators likely resulted from both an increase in biomass of HTL species (supported by an increased forage base under increased PP) and the continued increase in LTL species even under increased fishing pressure (see Supplementary Figure S3).

There was also a strong negative trend observed in the TLmc. It can be assumed that this trend resulted from the increase in biomass of forage species (including those not fished) under the increased PP conditions, rather than from a decline in predatory biomass, based on the increase in the proportion of predators that has also been observed.

The ecosystem received an overall score of 2.3 and was therefore classified as possibly improving under this scenario (see Table 4).

Increased Fishing on Predators Scenario

Under the Fishing on Predators model scenario, fishing pressure was increased on selected HTL species (see section “Materials and Methods”) in conjunction with increasing PP. In this scenario there was a strong positive trend in biomass, suggesting that even when fishing pressure is increased there is still a significant increase in fish community biomass under increased PP conditions. There was, however, a moderate negative trend in the proportion of predators. This contrasts to the Increased PP Only and Fishing on Prey scenarios where the proportion of predators showed strong positive trends. It is likely that the increased fishing pressure on only selected HTL species has resulted this declining trend, however, as fishing pressure was not increased on all HTL species there has not been an overexploitation to the point where the proportion of predators in the ecosystem has begun to strongly decline.

A strong negative trend in the TLmc was observed in this scenario. This decline in trophic level can be linked both the declining proportion of predators as well as to increases in LTL species, such as anchovy and lanternfish under reduced predation pressure (see Supplementary Figures S4a,b). To expand, fishing pressure on LTL species has not been increased in this scenario and therefore fishing pressure on higher trophic level species may have released some smaller species from predation pressure, allowing a proliferation of these species and helping to explain the decline of TLmc.

The ecosystem received a score of 3.33 and was therefore categorized as neither improving nor deteriorating in this scenario (see Table 4).

Increased Fishing on Predators and Prey Scenario

This model scenario yielded the most negative changes within the ecosystem. While biomass showed a strong positive trend, similarly, to the previous scenarios, there strong negative trends in the proportion of predators and in TLmc. The increase in biomass can be linked to the increase in PP in this scenario and is unlikely to be related to the increase in fishing pressure. The increased fishing pressure on both HTL and LTL species clearly has negative impacts on predatory fish species, resulting in a decline in some HTL species, particularly benthic and pelagic-feeding demersal species. Under this scenario, there is maintenance of high biomass of LTL species such as anchovy, redeye, lanternfish, and lightfish when predatory fish are removed from the ecosystem (see Supplementary Figure S5). It is therefore likely that an increase in LTL species could have contributed to the decline in both the proportion of predators and TLmc.

The ecosystem received a score of 3.66 and was therefore categorized as possibly deteriorating (see Table 4).

Relative End-State of the Ecosystem

To assess the relative end-state of the ecosystem under each scenario, an ANOVA was conducted using the final 10 years of the model output for each scenario, allowing us to visualize and compare the difference in the end-state of indicators (Figures 1A–E). ANOVAs were compared the mean of the last 10 years of indicator values (calculated from the model output) in order to compare the end-state of the ecosystem under each scenario. This was followed by a Tukey post hoc test to identify whether the observed differences in indicators between the scenarios were statistically significant.
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FIGURE 1. (A–E) Boxplots of ANOVA results for each indicator comparing the end-state (final 10 years of data) for each scenario. (A) Biomass, (B) Proportion of predators, (C) Trophic level of the modeled community (TLmc), (D) Catch, and (E) Trophic level of landings.



In terms of biomass (Figure 1A), significantly lower values were observed in the Baseline scenario compared to all other scenarios (Tukey’s, p < 0.05). This was not surprising as biomass in all scenarios, except for the baseline scenario, showed a significant increase over the simulation period. Biomass was highest in the Increased PP Only and Fishing on Prey Scenarios, and not significantly lower in the Fishing on Predators and Fishing on Predators and Prey scenarios. This suggests that there would be a strongly positive influence of increased PP on fish biomass, even when fishing pressure is increased. This significant increase in biomass under all fishing scenarios is a good sign for fisheries managers, as it suggests that there may be scope to increase fishing pressure while still maintaining relatively healthy biomass levels within the ecosystem. However, based on trends in other indicators, attention would need to be given as to what species can be further exploited and by how much, to ensure the ecosystem does not collapse.

A range of values for the portion of predators were observed across the various scenarios (Figure 1B). Values for this indicator were significantly lower in the Fishing on Predators scenario than in all other scenarios (Tukey’s, p < 0.05), including the Baseline scenario. This suggests that, despite increased overall system biomass in the Fishing on Predators scenario, increased exploitation of predatory species could negatively impact the ecosystem. However, interestingly, the Fishing on Predators and Prey scenario had a significantly higher proportion of predators compared to all other scenarios (Tukey’s, p < 0.05). This suggests that predators in the ecosystem fared better when a range of trophic levels are fished, compared to targeting only HTL species. Yet the declining trends in the proportion of predators in this scenario should provoke caution as to whether such fishing pressure would be sustainable in the long term. However, in the Fishing on Predators scenario it appears that the low proportion of predators is linked to increases in LTL species, given the alleviation of some predation pressure in the system (see Supplementary Figure S4). The Prey scenario showed a relatively high proportion of predators, significantly higher than in the Baseline, Increased PP and Fishing on Predators scenarios (Tukey’s, p < 0.05). This implied that, even when fishing pressure was increased on LTL species, these species were not negatively impacted to a point where there would be a detrimental effect on higher trophic levels feeding on the fished forage species. Based solely on this indicator, there may therefore be even further potential to increase fishing pressure on these LTL species if PP, linked to predicted increased in upwelling, was to increase in future. However, the full suite of indicators needs consideration.

The TLmc was significantly higher in the Increased PP Only scenario (Tukey’s, p < 0.05), with the three fishing scenarios showing significantly lower levels than both the Increased PP and Baseline scenarios (Figure 1C). This was not surprising as in all fishing scenarios there was a significant decreasing trend observed in TLmc (Table 4). The lowest TLmc values were observed in the Fishing on Predators scenario. As observed in the proportion of predators, this was likely due to a combination of increased removal of larger species as well as an increase in smaller species when predation pressure is relaxed. However, in contrast to the proportion of predators, the Fishing on Predators and Prey scenario showed very low TLmc values and was not significantly different to the values in the Fishing on Predators scenario (Tukey’s, p > 0.05). This suggests that increasing fishing pressure on all levels, while better for predatory fish (as observed from the high proportion of predators in this scenario) may not result in an improved ecosystem state, which would be desired to ensure food security for future generations. This is also highlighted by the declining trends observed in both TLmc and the proportion of predators under the Increased Fishing on Predators and Increased Fishing on Predators and Prey scenarios, despite the high levels of predators. As an increase biomass of LTL level species was observed even when fishing pressure is increased on selected species (see Supplementary Material), it is possible that the low TLmc values in all fishing scenarios could be linked to increased biomass of LTL species under the increased PP conditions.

Catch within the ecosystem showed a wide range of values throughout the various scenarios (Figure 1D), with all scenarios in which modeled PP is increased showing significantly higher catch than the Baseline scenario. The low catch values observed in the Baseline scenario reflect the lower system biomass observed in that scenario. The catches observed in the Fishing on Prey and Fishing on Predators and Prey scenarios were significantly higher than the other scenarios (Tukey’s, p < 0.05). However, declining trends in TLmc, TL landings and proportion of predators indicators in the Fishing on Predators and Prey scenario suggest that care should be taken under this scenario, as declining trends are a warning sign of ecosystem degradation (i.e., loss of biological function/productivity).

As previously mentioned, catch and TL landings were not included in the decision trees but can be useful in understanding the effects of fishing pressure on the ecosystem. Similarly, to TLmc, the highest TL landings values were observed in the Increased PP scenario, with all fishing pressure scenarios showing lower trophic levels than both the Baseline and Increased PP scenarios (Figure 1E). Out of the fishing pressure scenarios, TL landings was highest in the Fishing on Predators scenario. This is not surprising as fishing pressure on HTL species was increased in this scenario. However, interestingly, the TL landings values were lower in the Fishing on Predators and Prey scenario compared to the Prey scenario. It would be expected that when fishing pressure was increased only on LTL species, the trophic level of the landings would be lowest, rather than in a scenario where fishing pressure on both HTL and LTL species were increased. However, it should be remembered that fishing pressure was not uniformly increased across all fished groups, but instead depended on the observed model increase in abundance of the fished groups under increased PP. Thus, given the greater relative increases in abundance of LTL species under increased PP, modeled relative fishing pressure was increased more for these groups than for higher TL groups.

DISCUSSION

Fishing Strategies Under Enhanced Primary Production Conditions

Our understanding of the future of marine ecosystems needs to improve if we are to adapt to the unprecedented levels of change that have been predicted to occur in future decades. However, as change at this level has not yet been experienced, it is hard to determine what might lie in the futures of ecosystems. Using scenarios that cover a range of possible outcomes should give marine scientists, fisheries managers and stakeholders a better idea of possible outlooks. Knowledge of potential futures could allow some preparation for conceivable changes and possibly provide early warning signs of detrimental changes occurring within ecosystems, allowing some mitigation for these effects. Understanding the cause of observed trends in indicators was made much simpler through the use of model simulations, where both the environment and fishing pressure have been forced by predetermined amounts. However, the way in which this (and any other ecosystem model) is forced does not allow us to capture complete ecosystem dynamics, and therefore may not be as all-encompassing as would be needed for us to fully understand and react to changes in ecosystem dynamics.

This study aimed to explore potential future states of the Southern Benguela ecosystem under increased PP conditions and with various scenarios of increased fishing pressure. It emerged that an increase in PP could have positive effects on the Southern Benguela ecosystem as a whole. Increased PP, which could result from increased upwelling, resulted in an increase in biomass that propagated throughout the ecosystem, impacting both high and LTL species. This was clearly evident in the Increased PP Only scenario where all indicators in the decision tree analysis showed positive trends (Table 4). Travers-Trolet et al. (2014) observed that changes in the ecosystem caused by an increase in upwelling-favorable wind stress propagate through the food web, causing increases in phytoplankton, zooplankton, forage fish, and top predators when the ecosystem is under no or moderate exploitation. Similar results were observed in this study, with the ecosystem showing more positive results when fishing pressure was lowest, or when it was exerted on more resilient LTL species.

However, it is important to note that many studies have shown that, in general, indicators are more specific to fishing pressure than to environmental variability, although that is dependent on the ecosystems being considered (Ortega-Cisneros et al., 2018; Shin et al., 2018). Therefore, we should consider that the trends observed in this study may be more likely to result from increased fishing pressure than from increased PP. The higher specificity of IndiSeas indicators to fishing pressure than to environmental changes (Shin et al., 2018; where specificity is the extent to which an indicator responds to fishing as opposed to other drivers), could help explain the numerous negative indicator trends observed in this study under the increased fishing pressure scenarios even when we have increased productivity in the ecosystem. However, alongside this, the constant fishing mortalities applied into the future (during and after the 10 years of increasing primary productivity), as well as the expected time lags between increased PP and modeled responses in fish biomass, provide additional explanations for some of the negative indicator trends observed.

The influence of increased production alongside increased fishing pressure on ecosystems has been evaluated in several other studies using multiple other models (e.g., Travers-Trolet et al., 2014; Fu et al., 2018; Shin et al., 2018). These studies have observed that, in some cases, a decrease in fishing pressure is not sufficient to cause a change in indicator trend if environmental variability changes simultaneously. Therefore, if the modeled increases in fishing pressure were implemented it would be vital to closely monitor environmental change to reduce the risk of ecosystem collapse. Results of these studies also suggest that under increased environmental variability, it is possible that indicators will become less specific to fishing pressure (Shin et al., 2018).

It appears that the more rapid response times of lower trophic level species, such as small pelagic fish, to such changes in environmental conditions would potentially result in significant increases in their biomass if higher total cumulative upwelling, and hence higher levels of PP, became the “new normal.” These positive effects of increased PP on ecosystem indicators are an encouraging sign for fisheries managers and stakeholders, who may be able to further exploit the ecosystem in future in a sustainable way, helping to safeguard food security in years to come. However, both decision trees and end-state analyses suggest that any increases in fishing pressure would need to be carefully considered and monitored to avoid ecosystem degradation.

Results from the three fishing scenarios discussed above suggest that under increased PP conditions it may be possible to increase fishing pressure on certain species and still maintain, or even improve, ecosystem state. For example, even when fishing pressure was increased on LTL species in the Fishing on Prey scenario, the ecosystem was still classified as possibly improving (Table 4). By comparison, the end-state analysis revealed that in the Fishing on Predators scenario the proportion of predators, TLmc and TL Landings are all significantly lower than the baseline scenario (Figures 1B,C,E), which, together with the classification as “neither improving nor deteriorating” in the decision tree, highlights the potentially detrimental effects of increased fishing pressure on HTL species. These results suggest that care will need to be taken when selecting which species can be more heavily exploited under climate change, and by how much, as it is best to avoid reaching a point where indicators show declining trends to prevent ecosystem degradation.

This is further evidenced by the contrast between the outcomes of the decision trees and that of the end-state analyses in the case of the Fishing on Predators and Prey scenario. The decision tree analysis suggests that the ecosystem would possibly be deteriorating under the Fishing on Predators and Prey scenario, due to the declining trends observed in indicators. In contrast, the end-state analysis shows that the proportion of predators and catch are highest in this scenario, while biomass also remained high (Figures 1A,B,D). These results may support balanced harvesting, which suggests that ecosystems will fare better when fishing pressure is distributed more evenly across the ecosystem, rather than implementing selective fishing pressure on certain target species (e.g., Garcia et al., 2012, 2015). Yet, despite these high indicator values, the negative trends observed in TLmc and the proportion of predators suggest that if this level of fishing pressure was to continue further into the future, the ecosystem end-states may in fact deteriorate. A future solution may therefore lie in a modification to the Prey scenario. When fishing pressure was increased on selected LTL species, the predators in the ecosystem showed some recovery (e.g., the increase in the proportion of predators in Table 4). Therefore, the best way forward may be to delay implementing balanced harvesting until the ecosystem has been allowed time to recover from the previous impacts of fishing pressure, in order to avoid declining indicator trends.

In summary, the decision tree analyses of the Fishing on Predators and Prey and Fishing on Predators scenarios suggest caution must be taken when deciding how to increase fishing pressure under climate change.

Catch Considerations

One of the most important indicators to look at in terms of end-state of the ecosystem is the total catch within the ecosystem. While catch is not included as an indicator within the decision trees, it is used in the calculation of other indicators in this study, such as TL Landings (see Table 3) and is possibly the indicators of most interest to fisheries managers and stakeholders. From Figure 1D it is clear that under increased PP conditions, the catch within the ecosystem increased, with highest catch being observed in the Fishing on Prey and Fishing on Predators and Prey Scenario (both of which produced roughly three times the levels of catch). These increases in catch would be of most significance to fisheries managers and stakeholders as this suggests that, under the plausible conditions of increased PP if upwelling were to increase, it may be possible to expand certain fisheries. However, due to the declining trends observed in some ecological indicators, the Fishing on Predators and Prey scenario may not necessarily be a sustainable option going forward.

Therefore, based on the results of this study, the future of the ecosystem appears most positive under the Fishing on Prey scenario. This scenario allowed increased fishing pressure on a range of important LTL species, allowing an expansion of fisheries, while still allowing the ecosystem to be classified as possibly improving. Under this scenario there may even be potential scope for further increases of fishing pressure on these species, and even possibly some HTL species, if carefully monitored to avoid over exploitation. However, this study would also benefit from further analysis on the effect of the potential increases and decreases in biomasses of multiple commercially important species under the various scenarios on the human component of the ecosystem, as reiterated in the next section.

Future Research Considerations

Despite the apparent success of this study, it is important to note several factors that have not been considered. For example, the increase in PP used in this study has been oversimplified. The impacts of other factors, such as extreme weather events, changes in ocean stratification (Rykaczewski and Dunne, 2010) and changes is energy of oceanic vortices (Gruber et al., 2011), have not been accounted for. It is therefore possible that the increase we have suggested could have been either over- or underestimated. However, as the increase in PP used here falls within a range that has already been observed within the Southern Benguela (see Lamont et al., 2018), certainly it can be considered a plausible scenario for the future of the ecosystem.

There are, however, several other factors associated with an increase in upwelling that have not been considered, and which may somewhat dampen the positive effects associated with the observed (modeled) increased production. Within the Southern Benguela, increased upwelling could cause regional cooling, due to increased cold water being advected to the surface, as has been observed in Peruvian upwelling ecosystem (Gutiérrez et al., 2011). Some eggs and larvae have limited temperature ranges (e.g., King et al., 1978) and would not survive prolonged periods in such temperatures, resulting in some species being negatively impacted by increased upwelling. Another factor that has not been considered in this study is the physical impact that increased wind would have on some eggs, larvae and smaller prey species. Increased turbulence and offshore transport resulting from increase wind can result in excessive the transport of larvae and prey species away from the important nursery grounds within the Southern Benguela (Shannon et al., 1996; Shannon, 1998). It is possible that increased upwelling could also result in deeper wind-driven mixing and increased light limitation, resulting in a reduction of phytoplankton production. Ideally all these factors should be considered and included where possible in future modeling of potential climate scenarios. Until such factors can be included in the model, it is necessary to refer to the environmental scenario described in this study as an increased PP scenario, rather than a true increased upwelling scenario.

Yet, for the purpose of this exploratory study, it was more crucial to see if the framework of indicators and decision trees was able to capture the dynamics of the ecosystem under the selected scenarios and give meaningful results. Following the success of this framework in categorizing the ecosystem, a wider range of potential environmental changes within the ecosystem could be modeled and included to give a better understanding of the future of this ecosystem, informing fisheries managers and stakeholder and allowing a better chance of protecting the future of the Southern Benguela. Such scenarios, and the associated planning, could prove invaluable in safeguarding the future of the Southern Benguela and its resources. However, we acknowledge the fact that the true success of such a framework lies in its successful communication to stakeholders and managers. Therefore, the next step in the application of such a framework should be its discussion with the appropriate audiences. For example, fisheries managers may find it helpful for sensitivity tests to be run on the three fishing scenarios so far presented, and for cross-fleet constraints to be addressed; the current model framework assumed that species were largely caught independently of one another. In addition, extending this study to explore economic and social values of potential catches under the different scenarios would be a desirable next step in the light of recognizing the importance of human well-being indicators in an EAF.
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Overall ecosystem score is calculated by averaging individual scores for each scenario. The ecosystem is then classified based on the categories in Table 2.
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The biomass increase factor was calculated based on the increase in biomass observed between 2015 and 2025 to allow species time to respond to increased positivity.

Fishing pressure was increased from the 2015 levels based on the observed increase in biomass and applied in the model.
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