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Climate and fisheries interact, often synergistically, and may challenge marine ecosystem functioning and, ultimately, seafood provision and human wellbeing that depend on them. Holistic and integrative approaches aiming at evaluating the spatial overlap between these major stressors are crucial for identifying marine regions and key fish species that require conservation priority to prevent possible future collapses. Based on highly resolved information on environmental conditions and fishing pressure from the Southern Benguela and the Agulhas Bank ecosystems off South Africa, we identified the main areas where small pelagic fish species (European anchovy Engraulis encrasicolus, Pacific sardine Sardinops sagax, and West Coast round herring Etrumeus whiteheadi) have been highly impacted in terms of unfavourable environmental conditions and fishing pressure over the period 1993-2018. We termed these areas cumulative “hotspots” of climate change and fishing impact. We also identified fishing grounds where environmental conditions are now more favourable for these pelagic fish species, terming these “bright spots” of climate change. Environmental conditions and fishing intensity show contrasting patterns between the Southern Benguela and the Agulhas Bank ecosystems, with the Southern Benguela region accumulating most of the cumulative hotspots and showing the most negative trends in CPUE (a proxy for local fish abundance). Contrastingly, bright spots, identified on the south coast but also south of Cape Town, showed more positive trends in CPUE, suggesting that they may support sustainable growth of the small pelagic fishery in the medium term. Focussing future fishing effort on these bright spots may serve to alleviate pressure on the doubly and highly impacted cumulative hotspots from the western side of the southernmost tip of Africa.
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Introduction

The oceans are one of the Earth’s biomes most impacted by human activities and are showing rates of environmental change similar to mass extinction events and ecosystem collapses captured in the Earth’s geological record (Halpern et al., 2007; Burrows et al., 2011; Halpern et al., 2015). Climate change is impacting the oceans at multiple levels (from genes to communities; Scheffers et al., 2016) and in different ways (from species’ physiological or demographic responses to distribution shifts and ecological interactions; Poloczanska et al., 2013; Poloczanska et al., 2016; Coll et al., 2020). Concurrently, fishing pressure has increased over the last decades, with recent assessments showing that ca. 60% and 34% of fish stocks worldwide are completely exploited and overexploited, respectively (Rousseau et al., 2019; FAO, 2020). Combined, climate and fishing threats can produce changes in physical and biological properties of the oceans that have far-reaching consequences for marine species, food webs, and, ultimately, provisioning services and human wellbeing (Steinacher et al., 2010; McClanahan et al., 2015; du Pontavice et al., 2020; Lenoir et al., 2020).

From a global perspective, the combined effect of climate change and fishing impacts will likely reshape the patterns of catch potential between regions and different fishery sectors, potentially leading to substantial conflict and increasing impacts on marine resources (Pecl et al., 2017; Pinsky et al., 2018; Boyce et al., 2020; Mendenhall, 2020). At national and regional levels, these impacts may jeopardize food security and economic well-being for local communities engaged in these activities (e.g., Kalikoski et al., 2010; Ramírez et al., 2022). Understanding how marine ecosystems and associated provisioning services respond to the combined impacts of climate change and fishing pressure is, therefore, a major societal challenge (García Molinos et al., 2016; Pecl et al., 2017; Free et al., 2020; Ojea et al., 2020). Accordingly, there is an urgent need for assessments providing a holistic vision of the combined impacts of fishing and climate change effects on marine ecosystems and associated supporting services.

Both climate and fishing impacts are unevenly distributed in space and time (Halpern et al., 2015; Ramírez et al., 2017; Ramírez et al., 2022), which makes the implementation of spatially-explicit approximations of impact distribution a priority for identifying those areas or marine ecosystems whose states might surpass their functional thresholds (Houk et al. 2018; Ramírez et al., 2022). Overall, this represents a major challenge for the vast and sometimes remote global ocean, where biological observations and integrated measures on the spatial distribution of these impacts are scarce and difficult to obtain. This is particularly challenging for the South-eastern Atlantic Ocean, where present knowledge on the spatial-temporal distribution of climate and fishing impacts is likely insufficient to identify highly impacted areas where fisheries should be more strongly monitored and regulated to enhance ecosystem resilience in the face of climate change (Ramírez et al., 2022).

This study targets the southernmost tip of Africa and used highly resolved spatial data to identify highly impacted areas in this region, termed “hotspots”, where the combined impact of climate change and fishing intensity may threaten important small pelagic fish species. Simultaneously, we aimed to identify alternative and more ‘resilient’ areas (or “bright spots” sensu, Queirós et al., 2021) that may support sustainable growth of the small pelagic fishery in the medium term. To achieve these aims, we combined spatially-explicit information on fish densities and fish catches with multiple environmental parameters, including bottom depth, sea surface temperature (SST), sea surface salinity (SSS), and net primary production of biomass expressed as carbon per unit volume in sea water (NPP). We then performed highly-resolved spatial assessments on the overlap between climate and fishing impacts, identifying potential hotspots and bright spots, and evaluating associated trends in fish catches per unit of effort (CPUE) as a proxy for local fish abundance (Brochier et al., 2018; Butterworth et al., 2021). Management and conservation actions aimed at allocating fisheries to bright spots for alleviating pressure on hotspots could potentially contribute to the present and future environmental status of South African marine ecosystems and the sustainable exploitation of marine resources (Ramírez et al., 2021; Ramírez et al., 2022).



Material and methods


Study area

Our study focuses on South Africa (Figure 1). The study area can be divided into two subsystems: namely the true upwelling area of the Southern Benguela ecosystem (hereafter, Southern Benguela), and the Agulhas Bank System (Agulhas), which is often included in the broader consideration of the Southern Benguela ecosystem to account for biological and oceanographic interlinkages between the west and south coasts of South Africa. In these subsystems, the combined effects of climate forcing and fishing pressure have been identified as major drivers of the dynamics of the ecosystem components (Shannon et al., 2004; Jarre et al., 2015).




Figure 1 | The study area focuses on the two oceanographic subsystems off South Africa that have different environmental regimes: namely the Southern Benguela upwelling ecosystem (hereafter, Southern Benguela) off the west coast, and the Agulhas Bank System (Agulhas) off the south coast.





Species optimal environmental ranges

We combined long-term (1993-2018) spatially explicit information on densities (g.m-2) for the ecologically and commercially important European anchovy Engraulis encrasicolus (hereafter anchovy), Pacific sardine Sardinops sagax (sardine), and West Coast round herring Etrumeus whiteheadi (herring) from annual research surveys with information on the various environmental parameters. Fish density data were collected during hydro-acoustic research surveys conducted annually (Oct-Dec; austral spring/summer) in the Southern Benguela and Agulhas systems to estimate the abundance of the three small pelagic species (see de Moor et al., 2008). The average density within ca. 10 n.mile acoustic intervals along cross-shelf survey transects of each species was provided as the mid-point (latitude and longitude) of that transect for each survey during the whole time period (1993-2018), which summed to 12 171 acoustic transects; Fig S1).

Information on bottom depth, SST, SSS and NPP were extracted to the particular coordinates for each interval transect. Because we aimed at evaluating long-term changes in yearly averaged environmental conditions driving optimal environmental habitats for target species, we considered year-specific environmental information, i.e., mean values for the whole annual period. Spatially explicit bottom depth information was obtained from the ETOPO1 Global Relief Model (NOAA, https://www.ngdc.noaa.gov/mgg/global/). Spatio-temporal information on ocean temperature was taken by deriving annual averages for the specified regions from the NOAA Optimum interpolation (OI) SST (°C) V2 high resolution dataset (0.25° horizontal resolution; sourced at https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html; accessed September 2019). SSS (PSU) and NPP (mg·m-3·day-1) were sourced from the Global Ocean Physics and Biogeochemistry Reanalyses (GLOBAL_REANALYSIS_PHY_001_030 -0.083° horizontal resolution- and GLOBAL_REANALYSIS_BIO_001_029 -0.25° horizontal resolution- for SSS and NPP, respectively; sourced at EU Copernicus Monitoring Environment Marine Service; https://marine.copernicus.eu/). Environmental time series were restricted to the 1993-2018 period; the time period for which information on SST, SSS and NPP is available.

We used generalized additive models (GAMs) implemented in ggplot R package (Wickham, 2016) to evaluate the response functions (relating biomass densities per species to environmental variables) and to identify the minimum and maximum thresholds delimiting species-specific and region-specific optimal parameter ranges (Table 1; Figures 2, S2). Our approach may fail in capturing actual environmental conditions associated to particular coordinates for each interval transect from research surveys. In addition, we did not consider the interactive effect of these multiple parameters on defining the optimal environmental ranges, as this is largely unknown, it may change across environmental ranges, and was out of the scope of this study. Thus, absolute values for the optimal parameter ranges provided in this study should be taken with caution. However, we argue that they are still useful for capturing the large-scale spatial and temporal trends in optimal environmental conditions likely driving species densities and distributions.


Table 1 | Considered optimal ranges of depth, sea surface temperature (SST), sea surface salinity (SSS) and net primary productivity (NPP) for European anchovy (Anchovy), Pacific sardine (Sardine), and West Coast round herring (Herring) off South Africa.






Figure 2 | Workflow and work concept. Spatially-explicit assessments of climate impacts for small pelagic fish species combined with available data on industrial fish landings were used to identify highly impacted fishing grounds (cumulative hotspots); along with those with more favorable environmental conditions (bright spots). Bright spots may provide alternative areas on which to focus fishing activities and alleviate pressure on hotspots.





Spatial-temporal trends in optimal habitat availability

Based on water depth profiles and SST, SSS and NPP data, we evaluated how areas encompassing optimal parameter ranges for selected species (i.e., optimal habitats) varied temporally and spatially within the Southern Benguela and Agulhas ecosystems (Figure 2). We first estimated the total area of species-specific optimal habitats yearly within each system; i.e., optimal habitat availability: the spatial intersect between areas encompassing optimal ranges of depth, SST, SSS, and NPP, expressed in km2. As a proxy for changes in optimal habitat availability, we evaluated trends in the extent (km2) of optimal habitats during the 1993-2018 period. Our approach for estimating optimal habitat availability was restrictive as it considers as suboptimal those regions where any of these single parameters fall out of their optimal range. In addition, our approach considers that all parameters equally contribute to species’ optimal environmental conditions. This approach can be revisited, updated and refined by incorporating information on the relative weight these multiple drivers might have in shaping species-specific distributions; and by accounting for the spatial correlation among these multiple drivers. Although our approach can fail in capturing the actual extent of species-specific optimal habitats, we argue that it is still useful for evaluating the spatial-temporal trends in optimal habitat availability.

The visual inspection of estimated optimal habitat availabilities revealed a regime shift (or inflection point) in 2002 for all three species (Figure 3). As a proxy for the current trends in optimal habitat availability, we then used the slopes (and significances; α-value) of linear regressions with Gaussian distributions for the post-shift/inflection period (2003-2018) as estimates for the magnitudes and directions of observed changes in this latter period.




Figure 3 | (A, B) Long term (1993-2018) trends in the extent (km2) of marine areas encompassing optimal ranges of depth, SST, SSS and NPP (i.e., optimal habitat availability) for three small pelagic fish species in (A) the Southern Benguela (west coast) and (B) Agulhas (south coast) systems. A regime shift was observed in 2002. Bar plots in (C) represent the slopes (magnitude) for the linear regressions on the long-term trends in the absolute values of optimal habitat availabilities for the post-inflection period (2003-2018).



The resolution of our spatial assessment on climate-driven environmental effects on small pelagic fish species was enhanced by quantifying the persistence of species-specific optimal habitats on a per-cell basis (Figure 2). We first categorized cells as optimal (with values within the optimal parameter ranges for all environmental parameters; i.e., depth, SST, SSS and NPP) or suboptimal (with values of one or more environmental parameters outside optimal ranges) for each year within the post-inflection period (2003-2018; 16 years). For each year, cells were assigned a value of 1 or 0 depending on whether they were considered as optimal or suboptimal, respectively. Previously, environmental data were resampled to match the 0.083° horizontal resolution. As a proxy for the persistency of optimal habitats or environmental conditions, we then added yearly layers to obtain a final product with cell values ranging from 0 to 16, with 0 denoting those cells that were always categorized as suboptimal (persistently suboptimal areas) and 16 indicating those that were always categorized as optimal (persistently optimal areas).



The overlapping impact of fisheries

Spatially-explicit catches (tons per haul) of anchovy, sardine and round herring for 2013-2020 (64,099 records; DFFE unpublished data) were used to evaluate fishing intensity in the study area. These data were used to estimate species-specific cumulative catches on a per-cell basis (0.083° horizontal resolution) for the whole period, to provide an overview of the distribution of fishing intensity over recent years (Figure 2).

By multiplying the species-specific cumulative catch (2013-2020) per cell by our spatial assessment of optimal environmental persistence for that cell, we obtained a proxy for the cumulative impact of climate effects and fishing pressure on small pelagic fish (Figure 2). Here, we interpret the cumulative impact as the spatial overlap between climate-driven environmental changes and fishing pressure. By combining both layers using the multiplication, we exclusively considered those marine areas where both impacts co-occur spatially (i.e., excluding those areas that were impacted only by climate forcing or by fishing pressure). The spatial output ranged from 0 (i.e., no fishing and climate impacts) to maximum values depicting those areas impacted the most by both stressors (i.e., cumulative hotspots).

The main fishing grounds for the three pelagic fish species were identified by categorizing cells according to quartiles (Q1 to Q4) covering the magnitude of their cumulative catches within the study area (Figure S3). Those regions with cumulative fishing catches within the Q4 were categorized as the main fishing grounds.

Spatially explicit information was also used for evaluating the temporal trends (2013-2020) in the yearly catches and CPUE (total catches relative to the number of fishing vessels operating) as a proxy for local fish abundance within the previously identified main fishing grounds. Trends in CPUE per fishing ground were evaluated through linear regressions including the year as a covariate, the species-specific fishing grounds as a multilevel fixed factor, along with their interaction to evaluate for contrasting trends in CPUE among fishing grounds. Model outputs were represented using the ‘lm’ method implemented in ggplot R package (Wickham, 2016).




Results


Climate change hotspots

Spatially explicit fish density information from acoustic research surveys revealed that species concentrated within particular environmental ranges of depth, SST, SSS and NPP (Table 1 and Figure S2). Optimal parameter ranges were rather similar for anchovy and sardine except for depth, with anchovy distribution reaching slightly deeper waters. Herring showed wider optimal parameter rangespt?>Based on optimal parameter ranges for small pelagic fish species, we evaluated trends in optimal habitat availability (spatial intersect between areas encompassing optimal parameter ranges, in km2) over the 1993-2018 period. The absolute values of optimal habitat differed between the three species, being highest for herring in both the Southern Benguela and Agulhas systems, and lowest for sardine in the Southern Benguela and for anchovy in the Agulhas. However, trends were similar among species but contrasted between the Southern Benguela and Agulhas regions although a general regime shift was observed in 2002 in both systems (Figure 3). In the Southern Benguela on the west coast, the extent of optimal habitat increased until 2002, and then decreased during the post-inflection period (2003-2018). An opposite trend was observed for the Agulhas system on the south coast, with optimal habitat availabilities decreasing until 2002, and then becoming slightly positive and then steady thereafter (Figure 3).



Cumulative hotspots

Overall, fish catches (in tons) were one order of magnitude higher in the Southern Benguela compared to the Agulhas system east of Cape Agulhas, where fisheries exclusively target sardine (Figure 4). Accordingly, the main fishing grounds for anchovy and herring occurred west of Cape Agulhas, whereas those for sardine also extended into Agulhas Bank waters (Figure S3).




Figure 4 | Yearly catches (tons) of three small pelagic fish species in (A) the Southern Benguela (west coast); and (B) the Agulhas (south coast) regions at the southernmost tip of Africa.



The fine-scale analyses revealed that marine areas where climate change hotspots and fish catches were particularly high (cumulative hotspots) largely occurred along the west coast of South Africa, north of Cape Town (Figure 5). Trends in CPUE over the 2013-2020 period contrasted among the main fishing grounds, particularly for sardine (F7, 24 = 13.48, p < 0.001) and herring (F3, 12 = 8.29, p = 0.03), but with non-significant effects for anchovy (F9, 30 = 0.55, p < 0.83). Overall, those main fishing grounds occurring near cumulative hotspots showed lower and even negative trends in CPUE over time compared to those further away from cumulative hotspots (Table 2 and Figure 6).




Figure 5 | Spatially explicit information on catches of anchovy, sardine and herring (A-C) was combined with our spatial assessment on the persistency of optimal environmental conditions for the three species during the 2003-2018 period (D-F) to obtain a proxy for the cumulative impact of climate effects and fishing pressure on small pelagic fish (G-I). The numbers in g-i indicate the main fishing grounds for each species (see also Figure S3).




Table 2 | Slopes of the linear regressions of CPUE against time by species and main fishing ground.






Figure 6 | Trends in fish catches (bars, in tons) and CPUE (data points and regression lines; see Table 2 for linear regression slopes) against year (for the period 2013-2020) per main fishing ground (see Figs. 5 and S3 for locations) for anchovy (A), sardine (B), and herring (C), revealed that areas further from species-specific hot spots are those showing the most ‘positive’ trends in CPUE.





Bright spots

Contrasting trends in CPUE were observed for those fishing grounds where environmental conditions have become more favourable for small pelagic fish species (Table 2 and Figure 6). These areas or fishing grounds showing little or no overlap with our proxy for cumulative impact (bright spots) occur mainly on the south coast, but also south of Cape Town (Figure 5).




Discussion


Changing environmental conditions

Empirical data as to how climate impacts marine species is scarce and is largely biased towards the Northern hemisphere (Comte et al., 2020; Lenoir et al., 2020; Morato et al., 2020; Pinsky et al., 2020). In this study, we provide spatially explicit assessments of changing environmental conditions that are likely driving the dynamics and distributions of the main ecologically and economically relevant small pelagic species in South African marine ecosystems. In this area, several large-scale changes in the environment including regime shifts have occurred over recent decades, causing changes in stock sizes, relative abundance and geographic distributions of small pelagic fish species (Shannon et al., 2004; van der Lingen et al., 2006; Shannon et al., 2010; Jarre et al., 2015). Similarly, our environmental analyses revealed that a regime shift or inflection point in the extent of optimal habitat for small pelagic fish occurred in the Southern Benguela and Agulhas ecosystems in 2002. This shift differently affected the areas west and east of Cape Agulhas. Optimal habitats for anchovy, sardine and round herring (i.e., the spatial intersect between areas encompassing species-specific optimal ranges) decreased in extent during the post-inflection period (2003-2018) on the west coast, whereas optimal habitat availabilities showed slightly positive trends east of Cape Agulhas. This eastward shift in optimal habitat availability corresponds with the widely reported eastward shifts in the distribution of these pelagic species in recent decades (van der Lingen et al., 2006; Roy et al., 2007; Coetzee et al., 2008; Watermeyer et al., 2016) and is in agreement with previously identified regime shifts in demersal fish assemblages (Atkinson et al., 2012), and in mean wind and upwelling (Blamey et al., 2012) off South Africa.



Spatial distribution of fishing

There is evidence that high fishing pressures may make marine systems and fish stocks more vulnerable to unfavourable environmental conditions (Planque et al., 2010; Coll et al., 2019). Overall, fishing intensity in our study area is largely concentrated west of Cape Agulhas, where all three species are caught, compared to east of Cape Agulhas, where only sardine is caught, and catches have declined over the last decade. These spatial distributions of catch contrast with the observed spatial distribution of fish densities based on acoustic research surveys (Figure S1), which show that all three species also occur in high densities east of Cape Agulhas. Catch data reflect changing fish biomasses, and varying fishing efforts and efficiencies (Pauly et al., 2013). The contrasting spatial distributions of catches and fish densities likely reflect the historical development and investment in infrastructure in the small pelagic fishery on the west coast (Hutchings et al., 2012).



Considering the combined effects of climate and fishing

Fishing heavily in areas where climate change may result in unfavourable environmental conditions might be detrimental, not only to fished stocks but to the state of the underlying ecosystems as a whole, with far-reaching, socio-economic consequences (Jarre et al., 2015; Ramírez et al., 2021; Ramírez et al., 2022). Based on high spatially resolved observations of environmental conditions, fish densities and fishing intensity, this study adds to the evidence that the combined effects of climate and fishing impacts may jeopardize fish stocks and local fisheries in African ecosystems.

The uneven distribution of environmental trends and conditions, combined with high fishing intensity, results in doubly and highly impacted fishing grounds, our cumulative hotspots, in the Southern Benguela, north of Cape Town. Interestingly, these areas showed lower or even negative trends in CPUE in comparison to those fishing grounds south of Cape Town and in the Agulhas system, where environmental conditions were more favourable in the time period examined (1993-2018). This might be a reflection of the combined effect of climate and fishing as drivers of the changing dynamics in ecosystems (Jarre et al., 2015), which underscores the importance of considering both drivers simultaneously within an holistic, integrative and spatially-explicit framework, such as the one we provide in this study.

Regulating and/or redistributing fisheries to alleviate pressure on cumulative hotspots off the west coast of South Africa, north of Cape Town, may contribute to the necessary shifts towards more sustainable fisheries. Neighbouring marine areas in Southern Benguela, south of Cape Town, along with those occurring east of Cape Agulhas where environmental conditions seem to become more favourable to small pelagic fish, may support sustainable expansion of the small pelagic fisheries and partially absorb fishing pressure presently exerted in cumulative hotspots, thus minimizing the socio-economic impacts associated with resource depletion and stricter fishing regulations.

Reducing fishing pressure in marine areas where environmental conditions are deteriorating may support long-term sustainable fisheries by enhancing the resilience of fish stocks in the face of climate change (Ramírez et al., 2017; Ramírez et al., 2018; Ramírez et al., 2021). However, fisheries constitute an important socio-economic sector that provides a major source of food, employment and other economic benefits (Pinello et al., 2017). To ameliorate socio-economic impacts of resource depletion at a national level, part of the fishing effort could be redistributed towards neighbouring marine areas where environmental conditions are more favourable for small pelagic fish, such as the Agulhas Bank off the south coast. These bright spots could partially absorb fishing pressure, thus minimizing the socio-economic impacts associated with stricter fishing regulations that would be needed to ensure ecological sustainability in hot spots. However, shifting fishing areas comes with complex socio-economic implications as it would necessitate longer steaming distances and fishing trips for the large purse seiners operating from fishing ports currently located off South Africa’s west coast. Fisher communities on the west coast of South Africa are dependent on pelagic fishery-related jobs, with little flexibility for alternative livelihoods (Cochrane et al., 2020). Nevertheless, ecologically, minimizing small pelagic fishing intensity and catches in hot spots should benefit pelagic-feeding, seabirds including South Africa’s African Penguin, Cape Gannet and Cape Cormorant, all of which are classified as Endangered. Their foraging ranges are confined during breeding and their sustainability as species is dependent on prey availability near to breeding colonies (Crawford et al., 2019; Crawford et al., 2022).

Spatially-explicit approaches, such as the one applied in this study, may contribute to adaptive and effective management of fisheries. However, the uneven distribution of environmental drivers and fishing pressures reported in this study might not be indicative of future trends and patterns (Rilov et al., 2019). Accordingly, these analyses must be periodically revisited and updated to remain relevant. They could also incorporate model-driven projections of plausible future scenarios of fishing and climate change to anticipate future depletions or changed distributions of marine resources, and to explore management alternatives. Last, we acknowledge that many other ecological, biological, and physical variables may play roles as drivers of ecosystem dynamics. Our approach is not limited to the environmental drivers considered in this study, and can be expanded to use any set of drivers of change. For instance, the further consideration of subsurface environmental conditions may add to these environmental risk assessments by considering alternative drivers of the dynamics of other key components of these marine ecosystems. The addition of the time scale may also add further complexity to our assessments as the multiple impacts are not necessarily temporally coincident.
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These thresholds were estimated by considering the relationship between fish densities at particular locations based on spatially explicit information from acoustic research surveys; Figure

S1 and the associated environmental information (Figure 2).





