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Abstract 12 

 13 

An existing Ecopath with Ecosim model of the Northern Benguela ecosystem for 1956, 14 

previously fitted to time series for 50 years, was used to describe the impact that the 15 

different pressures (fishing and climate drivers) had on the structure of the ecosystem. 16 

Ecological Network Analysis indices and Integrated Trend Assessment of the input data and 17 

model outputs were used to describe the changes in the ecosystem over time. We test the 18 

hypothesis that the system has been reorganised over the course of the past 50 years, 19 

probably due to the cumulative effects of overfishing and environmental drivers such as the 20 

Benguela Niño, showing two large changes, with a transition period between the early 1970s 21 

and the early 1980s. The ecosystem has moved into a new stable state and this reorganised 22 

system will need a large shift to change with the consequential change not necessarily being 23 

back towards the pre-existing system.  24 
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1. Introduction 32 

Regime shifts are defined as low frequency, high-amplitude and sometimes abrupt changes 33 

in species abundance, community composition and trophic organisation that occur 34 

concurrently with physical changes in the system and propagate through several trophic 35 

levels (McKinnell et al. 2001, Collie et al. 2004). They have been described in several marine 36 

ecosystems including the Southern Benguela (Cury and Shannon 2004), Southeast Alaska 37 

and Aleutian Islands (Heymans et al. 2007) and the Baltic Sea (Tomczak et al. 2013). Regime 38 

like changes has been shown in the demersal assemblages of the Benguela Large Marine 39 

Ecosystem (Kirkman et al. 2015), although not in the northern Benguela ecosystem 40 

specifically. Regime shifts are characterised by changes of the internal structure, 41 

organization and size of an ecosystem (Cury and Shannon 2004). Such food-web re-42 

organizations are well described by Ecological Network Analysis (ENA) sensu Ulanowicz 43 

(1986), which represents the pattern of interactions among species and highlights their 44 

interdependence. In addition, knowledge of the network topology (e.g. the arrangement of 45 

trophic interactions in food webs, such as connectance, number of species and interaction 46 

rates) provides insights to ecosystem functioning and stability as defined by Dunne (2006) 47 

and Bascompte (2009) using the definition of stability of May (1972). In this study, stability is 48 

defined (1973) as the ability of the system to return to an equilibrium state after a 49 

temporary disturbance (such as fishing). This is different to the resilience of a system which 50 

measures the persistence of relationships within a system and thus a system can have low 51 

stability (large fluctuations in stocks) but the system structure could still be resilient to these 52 

fluctuations (Holling 1973).   53 

Managing marine ecosystems are encumbered by lack of information, the inability to sample 54 

at all trophic levels, the lack of understanding of the ecosystem structure (Travis et al. 2014) 55 

and how it changes due to pressures on the system. Thus it is very difficult to understand 56 

where the “tipping points” are in any system with imperfect information, when a system is 57 
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moving towards a regime shift, and how to manage a system that have switched into a new 58 

regime. They cause disruptive changes in ecosystem structure and significant changes in the 59 

possible harvest of fish stocks, and are to a large extent driven by human actions (Folke et al. 60 

2004). Managing ecosystems that have moved into new regimes, also called novel 61 

ecosystems (Hobbs et al. 2009), are not easy and decisions about how much funding and 62 

effort will go into restoring ecosystems will depend on local species diversity, priorities for 63 

livelihood and sustainability and sentimentality about ecosystems of the past (Hobbs et al. 64 

2009). In an ecosystem with imperfect information, this will be a very difficult decision to 65 

make. 66 

In well-studied systems such as the North Sea (Kenny et al. 2009, Mackinson et al. 2009) and 67 

the Baltic Sea (Tomczak et al. 2013) these problems of lack of understanding have been 68 

overcome and the changes in the ecosystem structure are relatively well understood. 69 

However in a system which has been significantly less well studied, such as the Northern 70 

Benguela ecosystem (Figure 1), our understanding of how the ecosystem has changed and 71 

how this system is best managed, is limited. The system has shown changes in the spatial 72 

extent and population structure of many of the important species (Jarre et al. 2015). 73 

Although no strong relationships were found between long-term bottom temperature and 74 

distributional changes alone, other environmental variables and the effects of fishing have 75 

been highlighted for consideration (Jarre et al. 2015). According to Jarre et al. (2015), there 76 

are complex interactions between jellyfish, gobies, horse mackerel and zooplankton which 77 

might mask direct oceanographic effects. The absence of clear links between oceanography 78 

and more demersal fish species points to the combined effects of climate and fishing as 79 

drivers of dynamics in the northern Benguela.  Jarre et al. (2015) suggest that the adoption 80 

of appropriate regime-specific management strategies need greater understanding of the 81 

impacts of long-term climate variability and change and further understanding of the roles 82 

of gobies and jellyfish (among others) in the system.  83 
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 84 

Over the past 50 years, overexploitation and environmental variation has caused the 85 

Northern Benguela to be much less productive in terms of fish yield (Hampton and Willemse 86 

2012). The environmental variation includes events such as the Benguela Niño’s (Hutchings 87 

et al. 2009) which are generated by specific wind stress events in the west-central equatorial 88 

Atlantic, and eventually propagate to the south-west African coast (Florenchie et al. 2003). 89 

During the past 50 years the main planktivorous fish in the system changed from sardines, 90 

Sardinops oscellatus, to horse mackerel, Trachurus capensis, bearded gobies, Suffoglobius 91 

bibarbatus and jellyfish (Cury and Shannon 2004, Utne-Palm et al. 2010, Kirkman et al. 92 

2015). The Northern Benguela has been subjected to similar environmental variation as the 93 

Southern Benguela, but the management of the two systems differed. Prior to Namibian 94 

Independence in 1990 the Namibian fish stocks were not as well managed (Armstrong and 95 

Sumaila 2004, Bergh and Davies 2004) as those off South Africa, and therefore the stocks are 96 

now not as robust as similar species in the south (Cury and Shannon 2004, Hutchings et al. 97 

2009, Jarre et al. 2015).  98 

 99 

In this paper an existing ecosystem model of the Northern Benguela for 1956 (Figure 2), 100 

fitted to time series for 50 years (Heymans et al. 2009), was used to describe the impact that 101 

the different pressures (fishing and climate drivers) had on the structure of the ecosystem 102 

(defined here as the modulation of the interaction strengths in the system, not the removal 103 

or creation of new interactions), and the consequential regime shifts that occurred during 104 

that time. We used Ecological Network Analysis indices (calculated in Ecopath with Ecosim, 105 

www.ecopath.org) and Integrated Trend Assessment of the input data and model outputs to 106 

describe the changes over time. An understanding of the cumulative impact that different 107 

drivers had on this ecosystem and how these cumulative impacts affected this ecosystem 108 

will help to address the issues of how to manage a changed ecosystem into the future. We 109 
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test the hypothesis that the system has been reorganised over the course of the past 50 110 

years, probably due to the cumulative effects of overfishing and environmental drivers such 111 

as the Benguela Niño, and that the reorganised system will need a large shift to change with 112 

the consequential change not necessarily being back towards the pre-existing system.  113 

2. Materials and methods  114 

The Ecopath with Ecosim model of the northern Benguela ecosystems previously calibrated 115 

and described by Heymans et al. (2009) was subjected to the Ecological Network Analysis 116 

(ENA) algorithms in Ecosim to obtain emergent indices of ecosystem change. These indices 117 

as well as the environmental drivers used to fit the models and estimates of total biomass 118 

and catch were then subjected to the Integrated Trend Assessment (ITA) methods adopted 119 

by Tomczak et al. (2013) to describe the regime shift phenomenon in the Baltic Sea.  120 

 121 

2.1 Ecopath methodology 122 

Ecopath with Ecosim (EwE, www.ecopath.org) is a suite of algorithms used to describe static 123 

food webs of ecosystems (Ecopath) and dynamic interactions in these ecosystems (Ecosim). 124 

The algorithms and the theories behind the software were described in detail by Walters et 125 

al. (1997, 2000), Walters and Kitchell (2001), Christensen and Walters (2004) and 126 

Christensen (2009), among others. It was comprehensively compared to other ecosystem 127 

modelling techniques and tools by Plagányi (2007).  128 

 129 

2.2 The northern Benguela model 130 

The EwE model of the northern Benguela constructed for 1956 and fitted from 1956 to 2003 131 

by Heymans et al. (2009) used for this study covers the area (Figure 1) from the shore to the 132 

500 m depth contour and ranges from the Angola-Benguela front (around 15°S) to the 133 

Orange River (29° S) - an area of approximately 179,000 km² (Brown and Cochrane 1991). 134 

The model consists of 32 compartments: 18 of which are fish, 2 marine mammals, 1 sea bird, 135 
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8 invertebrates, 2 primary producers and 1 detritus (Figure 2). Six groups were split into 136 

adult and juvenile stanzas: anchovy, sardine, gobies, horse mackerel, hake and jellyfish. See 137 

Heymans et al. (2009) and Heymans and Sumaila (2007) for more details on the model 138 

construction, data, model balancing and fitting. The model was driven by the forcing 139 

parameters including forced catches (CF), fishing mortalities (F) and fishing effort (E) and 140 

compared to the biomass (B) and catch (C) time series. The model was calibrated to time 141 

series data of catch (C) and biomass (B), by changing the “vulnerability” parameters of all 142 

prey to their predator (Heymans et al. 2009). These parameters describe the interactions 143 

between each predator and prey combination. As no estimates of these parameters are 144 

available, they were estimated by reducing the log likelihood sum of squares between the 145 

predicted and observed estimates of catch and biomass. When the best vulnerability 146 

settings were achieved, the residuals were still substantial, and a nonlinear optimisation 147 

algorithm was then used to estimate a primary production anomaly. The anomaly is 148 

estimated by using a different primary production value in each time step, and the anomaly 149 

that reduces the sum of squares between the predicted and observed biomass the most was 150 

then correlated to the known environmental drivers such as wind stress and sea surface 151 

temperature. The anomaly showed a significant positive correlation with the wind stress 152 

anomaly used in Klingelhoeffer (2006) and a significant negative correlation with the sea 153 

surface temperature anomaly (SST_anom, Figure S1) given by Sherman et al. (2007). The 154 

best statistically fitted model was achieved by including sea surface temperature as a driver 155 

of primary production rate. 156 

 157 

The impact of these forces on the ecosystem is depicted by the changes in the biomass. 158 

However, as a complete biomass time series for all species do not exist from 1956 onwards, 159 

modelled biomass time series were used in the subsequent ITA analysis (see below). The 160 

model was fitted to the known biomass time series, thus we assume that the modelled 161 
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biomass was sufficiently validated. Due to the high trophic cascades and strong interactions 162 

between some predator and prey species, correlated biomasses were not excluded. This 163 

best fitted model was then used to calculate the ecological network analysis indices over the 164 

time period of the model, 1956-2003. The changes in the internal structure of the ecosystem 165 

were described using the ecological network analysis indices time series that were not 166 

strongly cross-correlated and we subsequently did and integrated trend assessment (ITA) on 167 

these ENA results. In this study only indices that did not correlate were used to fulfil the 168 

methodological assumptions for ITA, but it also conforms to the results obtained by 169 

Christensen (1995), who studied correlation between ENA indices with regard to maturity. 170 

 171 

2.3 Integrated Trend Assessment (ITA) 172 

Integrated Trend Assessment (ITA) (Diekmann and Möllmann 2010) includes the following 173 

sub-analyses: 174 

The Sequential Regime Shift Analysis (STARS) following Rodionov (2004) used for each single 175 

time series, after correcting for autocorrelation, using probabilities of 0.05, cut-off length of 176 

10 years and a Huber parameter of 4. Principal Component Analysis (PCA) based on the 177 

correlation matrix of chosen variables (drivers of the model, modelled biomass and network 178 

analysis indices) was carried out on the transformed values (ln+1) of the given data set. The 179 

PC-scores of the first and second axis have been used to visualize and analyze the time 180 

trajectory of the system. To detect sudden changes on the integrated modelled, system level 181 

STARS were performed on the first two PC scores time-series. The same settings were used 182 

as for single time series. Finally, Chronological Clustering (Legendre et al. 1985) was used on 183 

the normalized data to detect changes represented as chronological data clusters. The 184 

significance level (α), which can be considered as a clustering-intensity parameter, was set to 185 

0.01. The connectedness level was set to 50 %. In accordance with the use of the correlation 186 
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coefficient in the PCA, the data were first normalized, and then the Euclidean distance was 187 

calculated to determine similarity between years. 188 

 189 

2.4 Ecological Network Analysis indices 190 

Various descriptive indices, ecological network analysis and exploitation indices were 191 

extracted from the Ecosim model. A full description of ENA indices available from Ecopath 192 

with Ecosim are described in Heymans et al. (2007). We tested for cross-correlation between 193 

indices, and only used those that did not correlate over time, such as the 1) estimated 194 

primary production (PP), 2) proportion of all flows (TST) that cycles through detritus (PFD), 3) 195 

proportion of primary production required for the catch (PPRc), 4) Trophic level of the catch 196 

(TLc), 5) ecosystem Redundancy and 6) Average Mutual Information. The redundancy (R) 197 

and average mutual information (AMI) are both related to the resilience of the ecosystem 198 

and is defined based on the theory of ascendency (Appendix A Ulanowicz 2004). The AMI 199 

indicates how evenly (or unevenly) functional groups are connected in the  food web, and 200 

shows the average constraint on a single unit of flow anywhere in the network (Latham and 201 

Scully 2002), and R indicates how evenly (or unevenly) energy flows among these links 202 

(Ulanowicz 2004). The AMI therefore reflects the internal flow structure, which is part of the 203 

ascendency, while the R is part of the overhead of the ecosystem, which quantifies the 204 

flexibility of the ecosystem (Ulanowicz 2004). These indices (defined in Table 1, and further 205 

explained in Appendix A) were calculated from the modelled ecosystem from 1956-2003. An 206 

ITA was performed to describe the emergent properties of the ecosystem, and to test for 207 

regime shifts. 208 

 209 

3. Results 210 

The PCA of pressures on the system (i.e. catch, effort, SST, Figure S1) shows (Figure S3a) that 211 

the PC1 (which explains 38% of variation) is mainly related to the effort of the demersal fleet 212 
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and the catch of hake. The PC2 explains 20% of the variation and is mostly related to sardine 213 

and horse mackerel catches and purse seine effort. Figure S3a indicates that SST does not 214 

impact PC1 or PC2, as is shown by the traffic light plot (Figure 3a) which sorts the variables 215 

based on their impacts on PC1, and shows high values of pressure variables in the middle of 216 

the analysed time period. STARS analyses on PC1 and PC2 indicate that these ecosystem 217 

drivers (or pressures) shows abrupt changes approximately around 1964-66, 1972-76 and 218 

1984-88 (Figure 4a). These shifts are broadly confirmed by chronological cluster analyses 219 

(Table 2).  220 

 221 

The impacts of ecosystem drivers are seen in the modelled biomasses of the ecosystem. The 222 

PCA biplots (Figure S3b) and traffic light plot (Figure 3b, also sometimes called heat maps) 223 

shows the dichotomy between the biomass of linefish, sardine, tuna and anchovy which had 224 

higher biomasses in the 1950/60s and the gobies, small pelagics, jellyfish that had higher 225 

biomasses in the 1980/90s. The PC1, which explains 66% of the variation, represents the 226 

trend in biomass for adult gobies, small pelagics and jellyfish, while being negatively driven 227 

by sardine, linefish and tuna. The PC2 (which explains 15% of the variation) best represents 228 

the variation in phytoplankton, mesopelagics, seals and hake (Figure S3b).  The shifts in the 229 

PC1 scores of biomasses were detected in 1968, 1976, 1982 and 1996, while shifts in PC2 230 

were detected in 1975 and 1984 (Figure 4b). These shifts are also broadly confirmed by 231 

chronological cluster analyses (Table 2).  232 

 233 

Thus, from the input data and the modelled biomasses, three main time periods are 234 

apparent: 1) 1956 – early 1970s, were the fish catches were increasing (the break in the 235 

early 1960s was mainly due to the growth of the fishing fleet, although there was also a 236 

Benguela Niño in 1963, but the combination did not cause a large scale shift, and is thus 237 

disregarded here); 2) early 1970s to mid-1980s, when the catches are high and the 238 
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biomasses still stable; and 3) post mid-1980s when the catches are reduced and the biomass 239 

of many commercially important species have declined. The impact it has on the demersal 240 

and pelagic parts of the ecosystem are shown in Figure 5. Energy flow through hake (Figure 241 

5a, demersal) are averaged based on the shifts predicted by PC1. This shows that prior to 242 

the early-1970s the biomass of hake was high and fishing pressure (red arrow) about 3 times 243 

predation pressure. Post mid-1970s the biomass of hake is reduced, and fishing pressure is 244 

four times that of predation pressure. After the mid-1980s hake biomass has increased 245 

again, with fishing pressure reduced and double that of predation pressure. By contrast the 246 

energy flow through the pelagic food web was described best by PC2, and is more complex 247 

(Figure 5b). The main energy flow prior to the early 1970s is mainly through sardine and 248 

anchovy, with equal energy flow going to both anchovy/sardine, and gobies/jellies. The main 249 

fishing pressure and predation pressure is on sardine/anchovy. In the mid-1970s – mid-250 

1980s period sardine/anchovy are much less prevalent, although there is still significant 251 

fishing pressure while the predation pressure is reduced from gobies/jellies, and the main 252 

energy flow from the primary producers now go through the gobies/jellies pathway. Post 253 

the mid-1980s the energy pathways are significantly changed, with most primary production 254 

being redirected to the gobies/jellies, and these groups are still consuming sardine/anchovy, 255 

although the fishing pressure has reduced due to lack of production in these groups. Thus it 256 

is clear that the ecosystem has been reorganised post 1984. 257 

 258 

The ENA indices describe the emergent changes of the internal structure of the food web 259 

(Figure 5). ENA indices (Figure 6) showed the dichotomy between redundancy and TLc in the 260 

ecosystem with high redundancy (R) during the 1950-70s, when the trophic level of the 261 

catch was low, and vice versa in the 1990s.  The PCA (Figure S3c) shows the opposite 262 

relationship between R and TLc and CPPR in PC1 (explaining 60% of the variation), and 263 

between AMI and PFD in PC2 (explaining 25% of the variation). The shifts in PCA scores 264 
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(Figure 4c) showed abrupt changes in the emergent properties of this system in 1963, 1968 265 

and 1984, which broadly agrees with the chronological clustering analysis (Table 2).  266 

 267 

A comparison of two emergent ecosystem descriptors, the redundancy and the average 268 

mutual information, indicators of ecosystem resilience (distribution of energy flows among 269 

pathways) and of the internal organisation of flows respectively (Figure 7) are given. The 270 

AMI and R followed similar trends until approximately the early 1970s, although the 271 

redundancy of the system was constantly decreasing over that time. After 1974, the AMI 272 

increases until 1984 after which both the AMI and R decrease.  273 

 274 

Finally, to understand why the system did not recover in resilience, even though it had high 275 

internal structure (AMI) post 1984, we re-analysed the ITA on ecosystem pressures for the 276 

1984-2003 time period (Figure S3d). It shows that PC1 (which explains 34% of the variation), 277 

is most positively correlated with SST, and negatively correlated with hake and horse 278 

mackerel catches. PC2 (explaining 17% of the variation) is correlated with the demersal and 279 

shark catches, while being negatively correlated with the sardine catches and purse seine 280 

effort.  281 

 282 

4. Discussion 283 

Regime shifts have been shown in various ecosystems including the southern Benguela 284 

(Blamey et al. 2012). However, in this study we described how the changes in the drivers of 285 

the ecosystem (fishing effort of different fleets, catch and changes in sea surface 286 

temperature) have reorganised the ecosystem, such that the main demersal species were 287 

impacted and the pelagics were reorganised between the main fished species (anchovy and 288 

sardine) and the less commercially viable gobies and jellyfish. It is evident that the 289 

development of the ecosystem consisted of three time periods, before the early 1970s, after 290 
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the mid-1980s and the intervening period where the system changed. During the early 291 

period much of the flow in the ecosystem went through the sardine/anchovy food chain, 292 

and the demersal fleet did not significantly impact the hake stocks. During this time the 293 

pelagic fishery only took about 1/6th of the energy that flows between sardine/anchovy and 294 

gobies/jellies. There were two Benguela Niño events (1963 and 1972) before the early 295 

1970s, but only the second event impacted the organisation and resilience of the ecosystem. 296 

 297 

Between the mid-1970s and the mid-1980s the ecosystem was being reorganised, with 298 

anchovy/sardine and hake biomasses being reduced, hake catches became a more 299 

significant part of the hake production, and the energy flow from sardine/anchovy to 300 

gobies/jellies was reduced significantly, although catches were still high. Subsequent to 1984 301 

however, the system was reduced with more energy flowing from primary producers to 302 

gobies/jellyfish and the ratio of catches to production still similar to the previous time-303 

period but much reduced in magnitude. This is probably due to the large catches of 304 

anchovy/sardine, but also due to the impact that the Benguela Niño events can have on 305 

increased abundances of gobies [Salvanes, 2015, GEN3939e]. 306 

 307 

Although sea surface temperature (the main environmental driver) was not important as a 308 

main driver in the changes of the ecosystem (Figure 3a), and did not impact the overall 309 

structure of the ecosystem, the large fluctuations in primary production caused by 310 

significant Benguela Niño events in 1972 and 1984 did correlate with the changes in the 311 

emergent properties of the system. Specifically the 1972 and 1984 events were evident in 312 

the redundancy and AMI of the system (Figure 7) due to the cumulative effect of the 313 

increased fishing pressure and the lack of primary production in those years. Both indices 314 

showed large fluctuations during Benguela Niño’s, but although the AMI shows shifts in both 315 

1974 and 1984, the redundancy of the system was only affected after 1984. An increase in 316 
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AMI is indicative of a simplification of the food web (Latham and Scully 2002), which was 317 

evident from the changes in the pelagic food web (Figure 5b). After 1974 the pelagic web, 318 

which previously supported both sardine/anchovy and gobies/jellies, became more unequal, 319 

with the gobies/jellies biomasses being higher than those of the sardine/anchovy (Figure 3b, 320 

Figure S1) and subsequently consuming more primary production. However the fishing 321 

pressure on the sardine/anchovy was still high, and there was additional pressure of 322 

gobies/jellies feeding on anchovy/sardine. Thus, the significant fishing pressure prior to the 323 

mid-1970s combined with the Benguela Niño in 1972 changed the internal structure of the 324 

ecosystem, indicated by the increase in AMI. In addition, fishing by the other main 325 

commercial fleets (midwater trawl for horse mackerel and demersal and longline fleets for 326 

hake and other species) were increasing (Figure S1), causing the changes in the demersal 327 

food web.  These changes caused the increase in AMI after 1972, which then shifted back to 328 

a lower AMI post 1984 at the same time as the TST was reduced. Thus, after 1984 less 329 

energy was circulated and processed in the more constrained structure of the internal flows 330 

of the ecosystem, causing the regime shift in the redundancy. 331 

 332 

The system was gradually losing redundancy (diversity of flows among the different 333 

pathways) from the start of the fishery to the 1984 Benguela Niño, when the system 334 

abruptly changed to a new state, with lower energy distribution through both the demersal 335 

system and the sardine/anchovy section of the pelagic system. The decrease in AMI was due 336 

to the increase in gobies/jellies that have taken over the anchovy/sardine niche, leaving the 337 

system with a lower AMI and lower redundancy. Gobies and jellyfish were both not well 338 

linked to the rest of the food web or the fishery, with few animals predating jellyfish, and 339 

gobies not very important in the fishery. Jellyfish had become the major zooplankton 340 

consumers in the northern Benguela since the collapse of the sardine (Roux et al. 2013). 341 

Gobies were only caught as a bycatch of the purse-seine fishery (Roux et al. 2013) and are 342 
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now the major prey for most top predators in the system. They are also able to live in and 343 

feed on benthos in the large anoxic layers of the ecosystem as well as being able to feed on 344 

jellyfish (Utne-Palm et al. 2010). Thus the reduced redundancy and the 1984 Benguela Niño 345 

completely reorganised the system, with horse mackerel, jellyfish, gobies, seabirds and seals 346 

increasing (Figure 3b) and possibly competing with sardine and anchovy for their 347 

zooplankton prey. 348 

 349 

Thus the ecosystem had been reorganised by the large fisheries for small pelagics and 350 

demersal fish, to such an extent that a once-off lack of primary production caused by the 351 

1984 Benguela Niño reduced the resilience of the ecosystem and created a system where 352 

most of the pelagic energy flow was redirected to the jellyfish/gobies, that were not as 353 

important as prey for top predators as sardine/anchovy was prior to the mid-1970s. The 354 

ecosystem had reorganised to such an extent that the SST anomaly was more important as a 355 

driver of change in the ecosystem, with both the redundancy and the AMI following the SST 356 

anomaly more closely. The decrease in AMI, which is an indicator of increased food web 357 

complexity and therefore stability (Latham and Scully 2002), means that the ecosystem will 358 

be very difficult to get out of this “reduced fishing” minimum sensu Folke et al. (2004) as the 359 

number of links in the ecosystem are reduced, and the energy in the food web is now mainly 360 

flowing through the jellies/gobies part of the food web, while keeping the sardine/anchovy 361 

flows to a minimum, thus reducing the fish available for the pelagic fleet. 362 

 363 

Limitations of our approach: 364 

Ecopath with Ecosim (Christensen and Walters 2004) is a commonly used approach that has 365 

been broadly discussed. It has been well vetted by authors such as Plagányi and Butterworth 366 

(2004), Coll et al. (2009) and Walters et al. (1997) who described the pros and cons of the 367 

methodology, which has been taken into account during the building, fitting and evaluation 368 
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of this model. Specifically, model topology has been shown to be very important when 369 

comparing ecosystems and when deciding on which indicators to use (Heymans et al. 2014). 370 

In addition, data uncertainties may translate to uncertainties in modelled trophic control 371 

and hence results, as has been seen in the Baltic (Niiranen et al. 2012). However in this study 372 

the model was well fitted for several trophic levels and we have confidence in the model and 373 

data (Heymans 2004, Heymans et al. 2009), which represent changes in biomasses and 374 

ecosystem dynamics well. 375 

 376 

Despite the fact that the model reproduces shifts in given functional groups relatively well, 377 

and that the integrated analyses (Table 2 and Figure 3 and 4) compare well to the results of 378 

a study on the regime shifts in the Benguela Current Large Marine Ecosystem demersal 379 

community in the 1990s (Kirkman et al. 2015), we are aware of the limitations of our 380 

analyses, such as high cross-, and auto-correlation, the lack of seasonality and natural noise, 381 

as well as the aggregated and simplified food-web structure. As an upwelling system the 382 

Northern Benguela ecosystem is relatively simple, but our representation of the system 383 

(Figure 2) does aggregate the food web structure. The microbial loop is not well described, 384 

which might be important in this system and could change our understanding of the flows 385 

through the ecosystem. The ENA analysis depends strongly on model quality and structure: 386 

The number of functional groups and model structure both have an impact on the number 387 

of flows and system properties (Pinnegar et al. 2005). The estimations of species interactions 388 

often benefit the understanding of ecosystem response to perturbations (Bascompte 2009), 389 

but the impact of network structure on the community may differ between different 390 

interaction types (Thébault and Fontaine 2010). In addition, the aggregation of non-living 391 

compartments can vastly impact the network analyses results (Allesina et al. 2005). 392 

 393 
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Our results have significant implications for the understanding of the dynamics of the 394 

ecosystem (Folke et al. 2004, Coll and Libralato 2012) and adaptive management (Armitage 395 

et al. 2008). Recently the need for ecological indices has become very important, with the 396 

EU Marine Strategy Framework Directive encouraging the study of food-webs through 397 

network indices (Rombouts et al. 2013). With regard to overall performance and robustness, 398 

ecosystem level indicators based on ENA and food-web analysis are informative on 399 

intermediate and long time-scales (Cury et al. 2005, Moloney et al. 2005). But they are also 400 

difficult to use in annual updates of integrated assessments and advice, and may be more 401 

difficult for stakeholders to understand (IEEP 2005). Nevertheless, examples of operational 402 

use do exist, e.g. the Puget Sound Integrated Ecosystem Assessment (Tallis et al. 2010).  In 403 

addition, using food-web models and the ENA approach to explore different management 404 

scenarios, through changing fishing mortality of different species, nutrient loads, and/or 405 

hydrodynamic condition, could enable optimal management to ensure restoration, 406 

increasing ecosystem resilience and guard against future surprises (Tomczak et al. 2013). 407 

 408 

5. Conclusion 409 

The Northern Benguela ecosystem has moved from a regime with high redundancy and 410 

lower internal structure into a system with higher internal structure and less resilience due 411 

to significant fishing pressure and two specific catastrophic events, Benguela Niños that 412 

occurred in the early 1970s and the early 1980s. This caused: 413 

 Increasing pressure, high sardine biomass/tuna/hake/linefish, low 414 

gobies/jellies/small pelagics (birds, snoek, sharks, mammals) biomass, and high 415 

primary production, high flow via sardine to fisheries  – high resilience, lower AMI - 416 

then significant environmental pulse (Benguela Niño) disturbing the system. 417 

 Benguela Niño and highest pressure (linefish, hake, purse seine effort), changing 418 

biomass (lower sardine – higher gobies/jellies/small pelagics), changes in the flows 419 



 18 

of energy going to gobies/jellies/small pelagics, from primary production, through 420 

food web to fishery, highest AMI – flows are more evenly distributed in the food 421 

web – with R still high (seen as a transitional period) 422 

 Another important ecosystem disturbance (Benguela Niño), combined with changes 423 

in AMI, causes the 2nd shift – where we have lower AMI due to a reduction in flows 424 

through sardine, as well as lower sardine biomass, higher gobies/jellies/small 425 

pelagics biomass, lower PP, and very low resilience. The system’s redundancy  seems 426 

to have been significantly reduced. 427 

Our results indicate that the northern Benguela ecosystem has shifted to a new stable state, 428 

where horse mackerel, gobies and jellyfish are more abundant, and this system should now 429 

be managed as such. 430 

 431 
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Table 1: Indices, formulas and definitions of indices used to describe the emergent 620 
properties of the northern Benguela ecosystem. 621 

Index Formula and descriptor 
Estimated primary 
production (PP) 

Primary production estimated for each time step 

Proportion of flow to 
detritus (PFD) 

PFD is proportion of TST that flows through detritus. TST is the sum 
of all flows in the model, including input, export and respiration 

(Finn 1976) and is calculated as 
n

ji
ijTTST

1,1

  

where Tij is flow of energy from compartment i to j. The PFD shows 
the distribution of energy through primary producers vs detritus 
food chain, thus indicates pelagic-benthic distribution of flows 

Primary production 
required for the catch 
(PPRc) 

PPRc indicates the amount of primary production that is required 
to maintain the catches and are usually higher when higher trophic 
level species are prevalent in the catch. It is calculated as: 

Paths eyed
preyed

pred

pred DC
P
Q

YPPRc
Pr,Pr

'
,Pr

  

where P is production, Q consumption, and DC’ is the diet 
composition for each predator/prey interaction in each path, with 
cycles removed from the diet compositions (Christensen et al. 
2005). PPRc is expressed in percentage when normalized with the 
primary production (PPRc/PP = PPRc%) 

Trophic level of the 
catch (TLc) 

(TLc) is calculated as the weighted average of the trophic levels of 
all caught species:  

i
i

i
i

i

Y

YTL
TLc ,  

where Yi is the yield of compartment i, and TLi is the trophic level of 
that compartment, calculated as:  

i
i

ijj TLDCTL 1   

where TLi is the trophic level of prey i and DCij is the proportion of 
prey i in the diet of predator j. 

Ecosystem 
redundancy (R) 

R is an indicator of the change in degrees of freedom of the system, 
or the distribution of energy flow among the pathways in the 
ecosystem (Ulanowicz 2004), and is calculated as: 

ji

ij
n

i

n

j

ij
TT

TTR
..1 1

2
log)(   

where Tij is flow of energy from compartment i to j and Ti. is the 
sum of all flows from compartment i and T.j the sum of all flows to 
compartment j.  

Average Mutual 
Information (AMI) 

The AMI measures the organization of the exchanges among 
components. It shows how orderly and coherently the flows are 
connected. The AMI is calculated as: 

ij

ij

ji

ij

TT
TSTT

TST
T

AMI log
,

     

where Ti is the sum of all material leaving the ith component and Tj 
is the sum of all flows entering the jth component (Ulanowicz 2004).  
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Table 2: Results of STARS analysis and chronological cluster analysis done on ecosystem 622 
pressures, pressures post 1984, ecosystem biomass estimates and ecological network 623 
analysis indices (ENA). 624 
method/data set Pressures Pressures post 84 Ecosystem Biomass ENA   
STARS 

PC1 1965 1990 1969 1963 
1976  1976 1984 
1986  1983  

  1997  
PC2 1965 1996  1968 

1975  1976  
1986  1984  

   1999 
Chronological Cluster 

alfa = 0.01 1964  1970 1965 
1978  1979  
1985 1990 1984 1984 

 1996 1993  
alfa=0.05 1963  1963 1964 

1967  1970  
1975  1979  
1988  1984 1984 
1992 1990 1990  
1998 1996 2000  

 625 

626 
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Figure 1: The area covered by the northern Benguela model, from the coast to the 500 m 627 

depth contour between 15-29°S (redrawn from Heymans and Baird 2000).  628 

Figure 2: Food web representation of the northern Benguela ecosystem with size (biomass) 629 

of the functional groups in the model related to the size of the nodes and flow scaled by 630 

weight between blue and red.  631 

Figure 3: Traffic light plots of a) drivers (left) and b) modelled biomass estimates (right) for 632 

the northern Benguela ecosystem sorted by loading on the 1st PCA axis. 633 

Figure 4: STARS analyses on PC1 and PC2 for a) ecosystem drivers, b) modelled biomasses 634 

and c) ecological network analysis indices. 635 

Figure 5: Energy flow through the main a) demersal and b) pelagic fish compartments during 636 

three time periods: 1956-1973; 1974-1983 and 1984-2003. Blue arrows indicate feeding by 637 

hake (Fig 5a) and primary production (Fig 5b), black arrows indicate flows to predators and 638 

red arrows fishing pressure, plotted with the main environmental driver (sea surface 639 

temperature SST) and the PCA values on main drivers of change in those parts of the 640 

ecosystem: PC1 for demersal (Figure 5a) and PC2 for pelagic (Figure 5b). 641 

Figure 6: Traffic light plots of ENA indicators for the northern Benguela ecosystem sorted by 642 

loading on the 1st PCA axis. TLc = trophic level of the catch; CPPR = primary production 643 

required for the catch; AMI = average mutual information; PFD = proportion of flow to 644 

detritus; PP = primary production; R = redundancy. 645 

Figure 7: STARS analysis of emergent ecosystem descriptor: Redundancy as a percentage of 646 

development capacity, and average mutual information (flowbits) over time.  647 

Supplemental information: 648 

Figure S1: Anomalies from the mean of drivers used to fit the northern Benguela ecosystem. 649 

C = catch, F = fishing mortality, CF = forced catch, E = fishing effort. Please note different 650 

scale on y-axis.  651 
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Figure S2: Anomalies from the mean of biomass estimates for each compartment of the 652 

ecosystem. Please note different scale on y-axis. 653 

Figure S3: PCA biplots of a) drivers, b) modelled biomass, c) ENA indicators and d) drivers 654 

post 1984. 655 
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1. Introduction 32 

Regime shifts are defined as low frequency, high-amplitude and sometimes abrupt changes 33 

in species abundance, community composition and trophic organisation that occur 34 

concurrently with physical changes in the system and propagate through several trophic 35 

levels (McKinnell et al. 2001, Collie et al. 2004). They have been described in several marine 36 

ecosystems including the Southern Benguela (Cury and Shannon 2004), Southeast Alaska 37 

and Aleutian Islands (Heymans et al. 2007), the Baltic Sea (Tomczak et al. 2013) and in the 38 

demersal assemblages of the Northern Benguela ecosystem (Kirkman et al. 2015), although 39 

not in the full Northern Benguela ecosystem. Regime shifts are characterised by changes of 40 

the internal structure, organization and size of an ecosystem (Cury and Shannon 2004). Such 41 

food-web re-organizations are well described by Ecological Network Analysis (ENA) sensu 42 

Ulanowicz (1986), which represents the pattern of interactions among species and highlights 43 

their interdependence. In addition, knowledge of the network topology (e.g. connectance, 44 

number of species, interaction rates) provides insights to ecosystem functioning and stability 45 

(Dunne 2006, Bascompte 2009).  46 

Managing marine ecosystems are encumbered by lack of information, the inability to sample 47 

at all trophic levels, the lack of understanding of the ecosystem structure (Travis et al. 2014) 48 

and how it changes due to pressures on the system. Thus it is very difficult to understand 49 

where the “tipping points” are in any system with imperfect information, when a system is 50 

moving towards a regime shift, and very difficult to know how to manage a system that have 51 

switched into a new regime. They cause disruptive changes in ecosystem structure and 52 

significant changes in the possible harvest of fish stocks, and are to a large extent driven by 53 

human actions (Folke et al. 2004). 54 

In well-studied systems such as the North Sea (Kenny et al. 2009, Mackinson et al. 2009) and 55 

the Baltic Sea (Tomczak et al. 2013) these problems of lack of understanding have been 56 
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overcome and the changes in the ecosystem structure are relatively well understood. 57 

However in a system which has been significantly less well studied, such as the Northern 58 

Benguela ecosystem (Figure 1), our understanding of how the ecosystem has changed and 59 

how this system is best managed, is limited. The system has shown changes in the spatial 60 

extent and population structure of many of the important species (Jarre et al. 2015). 61 

Although no strong relationships were found between long-term bottom temperature and 62 

distributional changes alone, other environmental variables and the effects of fishing have 63 

been highlighted for consideration (Jarre et al. 2015). According to Jarre et al. (2015), there 64 

are complex interactions between jellyfish, gobies, horse mackerel and zooplankton which 65 

might mask direct oceanographic effects and the absence of clear links between 66 

oceanography and more demersal fish species points to the combined effects of climate and 67 

fishing as drivers of dynamics in the northern Benguela. Jarre et al. (2015) suggest that the 68 

adoption of appropriate regime-specific management strategies need greater understanding 69 

of the impacts of long-term climate variability and change and further understanding of the 70 

roles of gobies and jellyfish (among others) in the system.  71 

 72 

Over the past 50 years, overexploitation and environmental variation has caused the 73 

Northern Benguela to be much less productive in terms of fish yield (Hampton and Willemse 74 

2012). The environmental variation includes events such as the Benguela Niño’s (Hutchings 75 

et al. 2009) which are generated by specific wind stress events in the west-central equatorial 76 

Atlantic, and eventually propagate to the south-west African coast (Florenchie et al. 2003). 77 

During the past 50 years the main planktivorous fish in the system changed from sardines, 78 

Sardinops oscellatus, to horse mackerel, Trachurus capensis, bearded gobies, Suffoglobius 79 

bibarbatus and jellyfish (Cury and Shannon 2004, Utne-Palm et al. 2010, Kirkman et al. 80 

2015). The Northern Benguela has been subjected to similar environmental variation as the 81 

Southern Benguela, but the management of the two systems differed. Prior to Namibian 82 
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Independence in 1990 the Namibian fish stocks were not as well managed (Armstrong and 83 

Sumaila 2004, Bergh and Davies 2004) as those off South Africa, and therefore the stocks are 84 

now not as robust as similar species in the south (Cury and Shannon 2004, Hutchings et al. 85 

2009, Jarre et al. 2015).  86 

 87 

In this paper an existing ecosystem model of the Northern Benguela for 1956 (Figure 2), 88 

fitted to time series for 50 years (Heymans et al. 2009), was used to describe the impact that 89 

the different pressures (fishing and climate drivers) had on the structure of the ecosystem, 90 

and the consequential regime shifts that occurred during that time. We used ecological 91 

network analysis indices (calculated in Ecopath with Ecosim, www.ecopath.org) and 92 

Integrated Trend Assessment of the input data and model outputs to describe the changes 93 

over time. An understanding of the cumulative impact that different drivers had on this 94 

ecosystem and how these cumulative impacts affected this ecosystem will help to address 95 

the issues of how to manage a changed ecosystem into the future. We test the hypothesis 96 

that the system has been reorganised over the course of the past 50 years, probably due to 97 

the cumulative effects of overfishing and environmental drivers such as the Benguela Niño, 98 

and that the reorganised system will need a large shift to change with the consequential 99 

change not necessarily being back towards the pre-existing system.  100 

2. Materials and methods  101 

The Ecopath with Ecosim model of the northern Benguela ecosystems previously calibrated 102 

and described by Heymans et al. (2009) was subjected to the Ecological Network Analysis 103 

(ENA) algorithms in Ecosim to obtain emergent indices of ecosystem change. These indices 104 

as well as the environmental drivers used to fit the models and estimates of total biomass 105 

and catch were then subjected to the Integrated Trend Assessment (ITA) methods adopted 106 

by Tomczak et al. (2013) to describe the regime shift phenomenon in the Baltic Sea.  107 

 108 
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2.1 Ecopath methodology 109 

Ecopath with Ecosim (EwE, www.ecopath.org) is a suite of algorithms used to describe static 110 

food webs of ecosystems (Ecopath) and dynamic interactions in these ecosystems (Ecosim). 111 

The algorithms and the theories behind the software was described in detail by Walters et 112 

al. (1997, 2000), Walters and Kitchell (2001), Christensen and Walters (2004) and 113 

Christensen (2009) among others. It was comprehensively compared to other ecosystem 114 

modelling techniques and tools by Plagányi (2007).  115 

 116 

2.2 The northern Benguela model 117 

The EwE model of the northern Benguela constructed for 1956 and fitted from 1956 to 2003 118 

by Heymans et al. (2009) used for this study covers the area (Figure 1) from the shore to the 119 

500 m depth contour and ranges from the Angola-Benguela front (around 15°S) to 120 

approximately the Orange River (29° S) - an area of approximately 179,000 km² (Brown and 121 

Cochrane 1991). The model consists of 32 compartments: 18 of which are fish, 2 marine 122 

mammals, 1 sea bird, 8 invertebrates, 2 primary producers and 1 detritus (Figure 2). Six 123 

groups were split into adult and juvenile stanzas: anchovy, sardine, gobies, horse mackerel, 124 

hake and jellyfish. See Heymans et al. (2009) and Heymans and Sumaila (2007) for more 125 

details on the model construction, data, model balancing and fitting. The model was driven 126 

by the forcing parameters in including forced catches (CF), fishing mortalities (F) and fishing 127 

effort (E) and compared to the biomass (B) and catch (C) time series. The model was 128 

calibrated to time series data of catch (C) and biomass (B), by changing the “vulnerability” 129 

parameters of all prey to their predator (Heymans et al. 2009). These parameters describe 130 

the interactions between each predator and prey combination. As no estimates of these 131 

parameters are available, they were estimated by reducing the log likelihood sum of squares 132 

between the predicted and observed estimates of catch and biomass. When the best 133 

vulnerability settings were achieved, the residuals were still substantial, and a nonlinear 134 
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optimisation algorithm was then used to estimate a primary production anomaly. The 135 

anomaly is estimated by using a different primary production value in each time step, and 136 

the anomaly that reduces the sum of squares between the predicted and observed biomass 137 

the most was then correlated to the known environmental drivers such as wind stress and 138 

sea surface temperature. The anomaly showed a significant positive correlation with the 139 

wind stress anomaly used in Klingelhoeffer (2006) and a significant negative correlation with 140 

the sea surface temperature anomaly (SST_anom, Figure S1) given by Sherman et al. (2007). 141 

The best statistically fitted model was achieved by including sea surface temperature as a 142 

driver of primary production rate. 143 

 144 

The impact of these forces on the ecosystem is depicted by the changes in the biomass. 145 

However, as a complete biomass time series for all species do not exist from 1956 onwards, 146 

modelled biomass time series were used in the subsequent ITA analysis (see below). The 147 

model was fitted to the know biomass time series, thus we assume that the modelled 148 

biomass was sufficiently validated. Due to the high trophic cascades and strong interactions 149 

between some predator and prey species, correlated biomasses were not excluded. This 150 

best fitted model was then used to calculate the ecological network analysis indices over the 151 

time period of the model, 1956-2003. The changes in the internal structure of the ecosystem 152 

were described using the ecological network analysis indices that were not strongly cross-153 

correlated and we subsequently did and integrated trend assessment (ITA) on these ENA 154 

results. 155 

 156 

2.3 Integrated Trend Assessment (ITA) 157 

Integrated Trend Assessment (ITA) (Diekmann and Möllmann 2010) includes the following 158 

sub-analyses: 159 
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The Sequential Regime Shift Analysis (STARS) following Rodionov (2004) used for each single 160 

time series, after correcting for autocorrelation, using probabilities of 0.05, cut-off length of 161 

10 years and a Huber parameter of 4. Principal Component Analysis (PCA) based on the 162 

correlation matrix of chosen variables (drivers of the model, modelled biomass and network 163 

analysis indices) was carried out on the transformed values (ln+1) of the given data set. The 164 

PC-scores of the first and second axis have been used to visualize and analyze the time 165 

trajectory of the system. To detect sudden changes on the integrated modelled, system level 166 

STARS were performed on the first two PC scores time-series. The same settings were used 167 

as for single time series. Finally, Chronological Clustering (Legendre et al. 1985) was used on 168 

the normalized data to detect changes represent as chronological data clusters. The 169 

significance level (α), which can be considered as a clustering-intensity parameter, was set to 170 

0.01. The connectedness level was set to 50 %. In accordance with the use of the correlation 171 

coefficient in the PCA, the data were first normalized, and then the Euclidean distance was 172 

calculated to determine similarity between years. 173 

 174 

2.4 Ecological Network Analysis indices 175 

Various descriptive indices, ecological network analysis and exploitation indices were 176 

extracted from the Ecosim model. A full description of ENA indices available from Ecopath 177 

with Ecosim are described in Heymans et al. (2007). We tested for cross-correlation between 178 

indices, and only used those that did not or very little correlate, such as the 1) estimated 179 

primary production (PP), 2) proportion of all flows (TST) that cycles through detritus (PFD), 3) 180 

proportion of primary production required for the catch (PPRc), 4) Trophic level of the catch 181 

(TLc), 5) ecosystem Redundancy and 6) Average Mutual Information. The redundancy (R) 182 

and average mutual information (AMI) are both related to the resilience of the ecosystem, 183 

with the AMI indicating the distribution of links in the ecosystem, and the R indicating how 184 

energy flows among these links (Ulanowicz 2004). These indices (defined in Table 1) were 185 
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calculated from the modelled ecosystem from 1956-2003. An ITA was performed to describe 186 

the emergent properties of the ecosystem, and to test for regime shifts. 187 

 188 

3. Results 189 

The PCA of pressures on the system (i.e. catch, effort, SST, Figure S1) shows (Figure S3a) that 190 

the PC1 (which explains 38% of variation) is mainly related to the effort of the demersal fleet 191 

and the catch of hake. The PC2 explains 20% of the variation and is mostly related to sardine 192 

catch and purse seine effort as well as horse mackerel catch. Figure S3a indicate that SST 193 

does not impact PC1 or PC2, as is shown by the traffic light plot (Figure 3a) which sorts the 194 

variables based on their impacts on PC1, and show high values of pressure variables in the 195 

middle of the analysed time period.  STARS analyses on PC1 and PC2 indicates that these 196 

ecosystem drivers (or pressures) showed abrupt changes approximately around 1964-66, 197 

1972-76 and 1984-88 (Figure 4a). These shifts are broadly confirmed by chronological cluster 198 

analyses (Table 2).  199 

 200 

The impacts of ecosystem drivers are seen in the modelled biomasses of the ecosystem. The 201 

PCA biplots (Figure S3b) and traffic light plot (Figure 3b) shows the dichotomy between the 202 

biomass of linefish, sardine, tuna and anchovy which had higher biomasses in the 1950/60s 203 

and the gobies, small pelagics, jellyfish that had higher biomasses in the 1980/90s. The PC1, 204 

which explains 66% of the variation, represents the trend in biomass for adult gobies, small 205 

pelagics and jellyfish, while being negatively driven by sardine, linefish and tuna. The PC2 206 

(which explains 15% of the variation) best represents the variation in phytoplankton, 207 

mesopelagics, seals and hake (Figure S3b).  The shifts in the PC1 scores of biomasses were 208 

detected in 1968, 1976, 1982 and 1996, while shifts in PC2 were detected in 1975 and 1984 209 

(Figure 4b). These shifts are also broadly confirmed by chronological cluster analyses (Table 210 

2).  211 
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 212 

Thus, from the input data and the modelled biomasses, three main time periods are 213 

apparent: 1) 1956 – early 1970s, were the fish catches were increasing (the break in the 214 

early 1960s was mainly due to the growth of the fishing fleet, although there was also a 215 

Benguela Niño in 1963, although the combination did not cause a large scale shift, and thus 216 

disregarded here), 2) early 1970s to mid-1980s, when the catches are high and the 217 

biomasses still stable, and 3) post mid-1980s when the catches are reduced and the biomass 218 

of many commercially important species have declined. The impact it has on the demersal 219 

and pelagic parts of the ecosystem are shown in Figure 5. Energy flow through hake (Figure 220 

5a, demersal) are averaged based on the shifts predicted by PC1. This shows that prior to 221 

the early-1970s the biomass of hake was high and fishing pressure (red arrow) about 3 times 222 

predation pressure. Post mid-1970s the biomass of hake is reduced, and fishing pressure is 223 

four times that of predation pressure and subsequent to the mid-1980s hake biomass has 224 

increased again, with fishing pressure being only double that of predation pressure. By 225 

contrast the energy flow through the pelagic food web was described best by PC2, and is 226 

more complex (Figure 5b). The main energy flow prior to the early 1970s is mainly through 227 

sardine and anchovy, with equal energy flow going to both anchovy/sardine, and 228 

gobies/jellies. The main fishing pressure and predation pressure is on sardine/anchovy. In 229 

the mid-1970s – mid-1980s period sardine/anchovy are much less prevalent, although there 230 

is still a significant fishing pressure while the predation pressure is reduced from 231 

gobies/jellies, and main energy flow from the primary producers now go through the 232 

gobies/jellies pathway. Post the mid-1980s the energy pathways are significantly changed, 233 

with most primary production being redirected to the gobies/jellies, and these groups are 234 

still consuming sardine/anchovy, although the fishing pressure has reduced due to lack of 235 

production in these groups. Thus it is clear that the ecosystem has been reorganised post 236 

1984. 237 
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 238 

The PCA on ENA indices describes these emergent changes of the internal structure of the 239 

food web are given in Figure 5. ENA indices (Figure 6) showed the dichotomy between 240 

redundancy and TLc in the ecosystem with high redundancy during the 1950-70s, when the 241 

trophic level of the catch was low, and vice versa in the 1990s.  The PCA (Figure S3c) shows 242 

opposite relationship between R and TLc and CPPR in PC1 (explaining 60% of the variation), 243 

and between AMI and PFD in PC2 (explaining 25% of the variation). The shifts in PCA scores 244 

(Figure 4c) showed abrupt changes in the emergent properties of this system in 1963, 1968 245 

and 1984, which broadly agrees with the chronological clustering analysis (Table 2).  246 

 247 

A comparison of two emergent ecosystem descriptors, the redundancy and the average 248 

mutual information, indicators of ecosystem resilience (distribution of energy flows among 249 

pathways) and of the internal organisation of flows respectively (Figure 7) are given. The 250 

AMI and R followed similar trends until approximately the early 1970s, although the 251 

redundancy of the system was constantly decreasing over that time. After 1974, the AMI 252 

increases until 1984 after which both the AMI and R decrease.  253 

 254 

Finally, to understand why the system did not recover in resilience, even though it had high 255 

internal structure (AMI) post 1984, we re-analysed the ITA on ecosystem pressures for the 256 

1984-2003 time period (Figure S3d). It shows that PC1 (which explains 34% of the variation), 257 

is most positively correlated with SST, and negatively correlated with hake and horse 258 

mackerel catches. PC2 (explaining 17% of the variation) is correlated with the demersal and 259 

shark catches, while being negatively correlated with the sardine catches and purse seine 260 

effort.  261 

 262 

4. Discussion 263 
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Regime shifts have been shown in various ecosystems including the southern Benguela 264 

(Blamey et al. 2012). However, in this study we described how the changes in the drivers of 265 

the ecosystem (fishing effort of different fleets, catch and changes in sea surface 266 

temperature) have reorganised the ecosystem, such that the main demersal species was 267 

impacted and the pelagics were reorganised between the main fished species (anchovy and 268 

sardine) and the less commercially viable gobies and jellyfish.  It is evident that the 269 

development of the ecosystem consisted of three time periods, before the early 1970s, after 270 

the mid-1980s and the intervening period where the system changed. During the early 271 

period much of the flow in the ecosystem went through the sardine/anchovy food chain, 272 

and the demersal fleet did not significantly impact the hake stocks. During this time the 273 

pelagic fishery only took about 1/6th of the energy that flows between sardine/anchovy and 274 

gobies/jellies. During this time there were two Benguela Niño events (1963 and 1972), but 275 

only the second event impacted the organisation and resilience of the ecosystem. 276 

 277 

Between the mid-1970s and the mid-1980s the ecosystem was being reorganised, with 278 

anchovy/sardine and hake biomasses being reduced, hake catches became a more 279 

significant part of the hake production, and the energy flow from sardine/anchovy to 280 

gobies/jellies was reduced significantly, although catches were still high. Subsequent to 1984 281 

however, the system was reduced with more energy flowing from primary producers to 282 

gobies/jellyfish and the ratio of catches to production still similar to the previous time-283 

period but much reduced in magnitude.  284 

 285 

Although sea surface temperature (the main environmental driver) was not important as a 286 

main driver in the changes of the ecosystem (Figure 3a), and did not impact the overall 287 

structure of the ecosystem, the large fluctuations in primary production caused by 288 

significant Benguela Niño events in 1972 and 1984 did correlate with the changes in the 289 
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emergent properties of the system. Specifically the 1972 and 1984 events were evident in 290 

the redundancy and AMI of the system (Figure 7) due to the cumulative effect of the 291 

increased fishing pressure and the lack of primary production in those years. Both indices 292 

showed large fluctuations during Benguela Niño, which affects the AMI in 1974 but the 293 

redundancy of the system was only affected after 1984. An increase in AMI is indicative of a 294 

simplification of the food web (Latham and Scully 2002), which was evident from the 295 

changes in the pelagic food web (Figure 5b). The significant fishing pressure prior to the mid-296 

1970s combined with the Benguela Niño in 1972 changed the internal structure of the 297 

ecosystem, indicated by the increase in AMI. The system was losing redundancy (diversity of 298 

flows among the different pathways) from the start of the fishery to the 1984 Benguela 299 

Niño, when the system abruptly changed to a new state, with lower energy distribution 300 

through both the demersal system and the sardine/anchovy section of the pelagic system. 301 

The decrease in AMI was due to the increase in gobies/jellies that have taken over the 302 

anchovy/sardine niche, leaving the system with a lower AMI and lower redundancy. Gobies 303 

and jellyfish were both not well linked to the rest of the food web or the fishery, with few 304 

animals predating jellyfish, and gobies not very important in the fishery. Jellyfish had 305 

become the major zooplankton consumers in the northern Benguela since the collapse of 306 

the sardine (Roux et al. 2013). Gobies were only caught as a bycatch of the purse-seine 307 

fishery (Roux et al. 2013) and are now the major prey for most top predators in the system. 308 

They are also able to live in and feed on benthos in the large anoxic layers of the ecosystem 309 

as well as being able to feed on jellyfish (Utne-Palm et al. 2010).  310 

 311 

Thus the ecosystem has been reorganised by the large fisheries for small pelagics and 312 

demersal fish, to such an extent that a once-off lack of primary production due to the 1984 313 

Benguela Niño reduced the resilience of the ecosystem and created a system where most of 314 

the pelagic energy flow was redirected to the jellyfish/gobies, that were not as important as 315 
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prey for top predators as sardine/anchovy was prior to the mid-1970s. The ecosystem has 316 

reorganised to such an extent that the SST anomaly is more important as a driver of change 317 

in the ecosystem, with both the redundancy and the AMI following the SST anomaly more 318 

closely. The decrease in AMI, which is an indicator of increased stability in the food web 319 

complexity (Latham and Scully 2002), means that the ecosystem will be very difficult to get 320 

out of this “reduced fishing” minimum sensu Folke et al. (2004) as the number of links in the 321 

ecosystem are reduced. 322 

 323 

Despite the fact that the model reproduces shifts in given functional groups relatively well, 324 

and that the integrated analyses (Table 2 and Figure 3 and 4) compare well to the results of 325 

a study on the regime shifts in the demersal community in the 1990s (Kirkman et al. 2015), 326 

we are aware of the limitations of our analyses, such as high cross-, and auto-correlation, 327 

the lack of seasonality and natural noise, as well as the aggregated and simplified food-web 328 

structure. As an upwelling system the Northern Benguela ecosystem is relatively simple, but 329 

our representation of the system (Figure 2) does aggregate the food web structure, as we do 330 

not explain the microbial loop very well, which might be important in this system. Recently 331 

the need for ecological indices has become very important, with the EU Marine Strategy 332 

Framework Directive encouraging the study of food-webs through network indices 333 

(Rombouts et al. 2013). The estimations of species interactions often benefit the 334 

understanding of ecosystem response to perturbations (Bascompte 2009), but the impact of 335 

network structure on the community may differ between different interaction types 336 

(Thébault and Fontaine 2010). Consequently, the ENA analysis depends strongly on model 337 

quality and structure. The number of functional groups and model structure both have an 338 

impact on the number of flows and system properties (Pinnegar et al. 2005).  339 

 340 
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Ecopath with Ecosim (Christensen and Walters 2004) is a commonly used approach that has 341 

been broadly discussed. It has been well vetted by authors such as Plagányi and Butterworth 342 

(2004), Coll et al. (2009) and Walters et al. (1997) who described the pros and cons of the 343 

methodology, which has been taken into account during the building, fitting and evaluation 344 

of this model. Specifically, model topology has been shown to be very important when 345 

comparing ecosystems and when deciding on which indicators to use (Heymans et al. 2014). 346 

In addition, data uncertainties may translate to uncertainties in modelled trophic control 347 

and hence results, as has been seen in the Baltic (Niiranen et al. 2012). However in this study 348 

the model was well fitted for several trophic levels and we have confidence in the model and 349 

data (Heymans 2004, Heymans et al. 2009), which represent changes in biomasses and 350 

ecosystem dynamics well. 351 

 352 

5. Conclusion 353 

The Northern Benguela ecosystem has moved from a regime with high redundancy and 354 

lower internal structure into a system with higher internal structure and less resilience due 355 

to significant fishing pressure and two specific catastrophic events, Benguela Niños that 356 

occurred in the early 1970s and the early 1980s. This caused: 357 

 Increasing pressure, high sardine biomass/tuna/hake/linefish, low 358 

gobies/jellies/small pelagics (birds, snoek, sharks, mammals) biomass, and high 359 

primary production, high flow via sardine to fisheries  – high resilience, lower AMI - 360 

then significant environmental pulse (Benguela Niño) disturbing the system. 361 

 Benguela Niño and highest pressure (linefish, hake, purse seine effort), changing 362 

biomass (lower sardine – higher gobies/jellies/small pelagics), changes in the flows 363 

of energy going to gobies/jellies/s pelagics, from primary production, through food 364 

web to fishery, highest AMI – flows are more evenly distributed in the food web – 365 

with R still high (seen as a transitional period) 366 
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 Another important ecosystem disturbance (Benguela Niño), combined with changes 367 

in AMI, causes the 2nd shift – where we have lower AMI due to a reduction in flows 368 

through sardine, as well as lower sardine biomass, higher gobies/jellies/small 369 

pelagics biomass, lower PP, and very low resilience. The system seems to have a 370 

significant reduction in R. 371 

 372 
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Table 1: Indices, formulas and definitions of indices used to describe the emergent 532 
properties of the northern Benguela ecosystem. 533 
Index Formula and descriptor 
Estimated primary 
production (PP) 

Primary production estimated for each time step 

Proportion of flow to 
detritus (PFD) 

PFD is proportion of TST that flows through detritus. TST is the sum 
of all flows in the model (Finn 1976) and is calculated as 

n

ji
ijTTST

1,1

  

where Tij is flow of energy from compartment i to j. The PFD shows 
the distribution of energy through primary producers vs detritus 
food chain, thus indicates pelagic-benthic distribution of flows 

Primary production 
required for the catch 
(PPRc) 

PPRc indicates the amount of primary production that is required 
to maintain the catches and are usually higher when higher trophic 
level species are prevalent in the catch. It is calculated as: 

Paths eyed
preyed

pred

pred DC
P
Q

YPPRc
Pr,Pr

'
,Pr

  

where P is production, Q consumption, and DC’ is the diet 
composition for each predator/prey interaction in each path, with 
cycles removed from the diet compositions (Christensen et al. 
2005). PPRc is expressed in percentage when normalized with the 
primary production (PPRc/PP = PPRc%) 

Trophic level of the 
catch (TLc) 

(TLc) is calculated as the weighted average of the trophic levels of 
all caught species:  

i
i

i
i

i

Y

YTL
TLc ,  

where Yi is the yield of compartment i, and TLi is the trophic level of 
that compartment, calculated as:  

i
i

ijj TLDCTL 1   

where TLi is the trophic level of prey i and DCij is the proportion of 
prey i in the diet of predator j. 

Ecosystem 
redundancy (R) 

R is an indicator of the change in degrees of freedom of the system, 
or the distribution of energy flow among the pathways in the 
ecosystem (Ulanowicz 2004), and is calculated as: 

n

i
ij

n

j
ij

ij
n

i

n

j
ij

TT

TTR

11

1 1

2
log)(

  

where Tij is flow of energy from compartment i to j   
Average Mutual 
Information (AMI) 

The AMI measures the organization of the exchanges among 
components. It shows how orderly and coherently the flows are 
connected. The AMI is calculated as: 

ij

ij

ji

ij

TT
TSTT

TST
T

AMI log
,

     

where Ti is the sum of all material leaving the ith component and Tj 
is the sum of all flows entering the jth component (Ulanowicz 2004).  
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Table 2: Results of STARS analysis and chronological cluster analysis done on ecosystem 534 
pressures, pressures post 1984, ecosystem biomass estimates and ecological network 535 
analysis indices (ENA). 536 
method/data set Pressures Pressures post 84 Ecosystem Biomass ENA   
STARS 

PC1 1965 1990 1969 1963 
1976  1976 1984 
1986  1983  

  1997  
PC2 1965 1996  1968 

1975  1976  
1986  1984  

   1999 
Chronological Cluster 

alfa = 0.01 1964  1970 1965 
1978  1979  
1985 1990 1984 1984 

 1996 1993  
alfa=0.05 1963  1963 1964 

1967  1970  
1975  1979  
1988  1984 1984 
1992 1990 1990  
1998 1996 2000  

 537 

538 
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Figure 1: The area covered by the northern Benguela model, from the coast to the 500 m 539 

depth contour between 15-29°S (redrawn from Heymans and Baird 2000).  540 

Figure 2: Food web representation of the northern Benguela ecosystem with size of groups 541 

related to the size of the nodes and flow scaled by weight between blue and red.  542 

Figure 3: Traffic light plots of a) drivers (left) and b) modelled biomass estimates (right) for 543 

the northern Benguela ecosystem sorted by loading on the 1st PCA axis. 544 

Figure 4: STARS analyses on PC1 and PC2 for a) ecosystem drivers, b) modelled biomasses 545 

and c) ecological network analysis indices. 546 

Figure 5: Energy flow through the main a) demersal and b) pelagic fish compartments during 547 

three time periods: 1956-1973; 1974-1983 and 1984-2003. Blue arrows indicate feeding, 548 

black arrows flows to predators and red arrows fishing pressure, plotted with the main 549 

environmental driver (sea surface temperature SST) and the PCA values on main drivers of 550 

change in those parts of the ecosystem: PC1 for demersal (Figure 5a) and PC2 for pelagic 551 

(Figure 5b). 552 

Figure 6: Traffic light plots of ENA indicators for the northern Benguela ecosystem sorted by 553 

loading on the 1st PCA axis. TLc = trophic level of the catch; CPPR = primary production 554 

required for the catch; AMI = average mutual information; PFD = proportion of flow to 555 

detritus; PP = primary production; R = redundancy. 556 

Figure 7: STARS analysis of emergent ecosystem descriptor: Redundancy as a percentage of 557 

development capacity, and average mutual information (flowbits) over time.  558 

Supplemental information: 559 

Figure S1: Anomalies of drivers used to fit the northern Benguela ecosystem. C = catch, F = 560 

fishing mortality, CF = forced catch, E = fishing effort. 561 

Figure S2: Anomalies of biomass estimates for each compartment of the ecosystem. 562 

Figure S3: PCA biplots of a) drivers, b) modelled biomass, c) ENA indicators and d) drivers 563 

post 1984. 564 
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