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Thesis abstract

Accurate  interpretation of  recent  variability  observed in  fish populations,  species  compositions,

distribution  ranges  or  ecological  indicators,  depends  on knowledge of  their  past  dynamics  and

historical states. The onset of systematic fisheries data collection typically lagged decades or even

centuries behind modern fishing exploits.  As a consequence,  pre-disturbed reference points  and

descriptions of subsequent change are rarely available. A remarkably detailed set of historical trawl

survey data from South Africa provided such a rare opportunity. Government-funded exploration of

the Agulhas Bank fishery potential  resulted in meticulously-documented trawl survey data from

1897-1904, when prior human impacts on those resources were negligible. Although they used less

effective technology, the information recorded and methods used were similar to modern surveys.

This  thesis  investigated  change  in  demersal  fish  fauna  of  the  Agulhas  Bank  and  documents

comparisons between historical trawl surveys and modern re-enactments at the same locations.

In comparing trawl survey catches over multiple decades or among different periods, unquantified

changes in fishing power pose a key challenge. The shape, size, materials, mesh sizes and speed at

which trawl nets are dragged, interact with the behaviour, size and shape of fish, influencing fishing

performance. To accurately compare current catch rates with those of historical trawl surveys, the

same  trawl  gear  and  methods  were  carefully  replicated  in  repeat  surveys  at  three  sites.  An

investigation of literature and photographs of the original vessel and equipment were conducted to

support the construction of a replica 'Granton' otter trawl net. The net was composed of Manila

hemp with a headline length of 27 m (90 ft) and was attached to flat wooden trawl boards. The

historical towing speed was estimated as 1.34 m s-1 (2.6 knots). Three parts of the shallow Agulhas

Bank that were surveyed 111 years prior, were re-surveyed in 2015.

Species  composition  was  contrasted  between  the  historical  and  re-survey  periods  by  way  of

unconstrained  ordination,  permutational  multivariate  analysis  of  variance  and  tests  of  the

homogeneity of multivariate group dispersions. Taxa discerning between periods were identified

with similarity percentage analyses. Changes of standardised catch between periods were tested for

27 taxa, using a non-parametric bootstrap approach. Proportions among size-classes, recorded for

three  taxa,  were  tested  using  Fisher's  exact  test.  Results  revealed  a  substantially  transformed

demersal catch assemblage, where the period effect explained almost half of the measured variance

among samples. These changes included the disappearance or heavy depletion of kob (Argyrosomus

spp., absent in re-surveys), panga (Pterogymnus laniarius; 2.4% of historical catch abundance) and

east coast sole (Austroglossus pectoralis; 4.6% of historical catch abundance), which had jointly

contributed 70-84% of historical catch composition. Average re-survey catches were largely made
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up of gurnards (Chelidonichthys spp.; 3 792% of historical abundance), horse mackerel (Trachurus

trachurus; 4 738% of historical  abundance),  spiny dogfish (Squalus spp.;  3 121% of historical

abundance),  hake  (Merluccius  capensis;  558%  of  historical  abundance)  and  white  sea  catfish

(Galeichthys feliceps; 13 863% of historical abundance).

Analysis of available length information confirmed the expectation that fish sizes (specifically M.

capensis and A. pectoralis) had declined. This implies that comparisons by weight would be more

severe for declined abundances and less severe for those that increased, relative to contrasts of

numerical abundance. Habitat preferences as well as geographic and depth distribution appeared to

separate the taxa that increased from those that declined. These factors, together with reproductive

and  growth  characteristics,  as  well  as  indirect  trophic  impacts,  likely  shaped  the  responses  of

demersal fauna to fishing and other human impacts during the 111 years between trawl surveys.

An  assessment  of  distribution  changes  of  44  common  demersal  taxa  was  undertaken.  These

analyses were restricted to the last 30 years of trawl survey data as the units and spatio-temporal

resolution of prior data were incompatible. Standardised catches were used from annual spring and

autumn south coast trawl surveys conducted by the government fisheries department. Geostatistical

delta-generalised linear mixed models were used to predict species distribution functions, which

were used to calculate annual estimates of latitude/longitude centres of gravity and effective areas

occupied by each population. Average trends over the study period (1986-2016) were assessed using

a Bayesian state-space model. Of nine species found to have a trend in average location, six moved

westward or south-westward, while three moved eastward or north-eastward. Two species showed a

trend of contracting spatial  extent and one showed an expansion.  Across the entire  assemblage

combined, there was a significant contraction in extent and a westward shift in average location.

These assemblage-wide  average  trends  are  interpreted to  be  driven by climate forcing.  Fishing

impacts are expected to have contributed to the eastward movement in centre of gravity for kob,

lesser  sandshark  (Rhinobatos  annulatus)  and  white  stumpnose  (Rhabdosargus  globiceps).

Interpretation  of  these  distribution  shifts  is  hampered  by  a  lack  of  knowledge  on  subsurface

hydrographic trends on the Agulhas Bank, which is identified as a research priority.

My research revealed substantial change in demersal fish communities on South Africa's Agulhas

Bank  and  adds  novel  insight  to  the  history  underlying  current  states  of  demersal  ecosystems.

Valuable additions include a) documentation of the extent to which demersal assemblages have

transformed during the last  century at  three representative inshore sites;  b) estimates of current

abundances  relative  to  pre-disturbed  baselines  at  those  sites,  which  c)  highlights  drastic  local

depletion for certain taxa and d) reveals substantial abundance increases of certain species during

the post-industrial fishing period; e) novel evidence of distribution trends in south coast demersal
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species; and f) identification of trends in the average distribution of the demersal fish assemblage,

suspected  to  be  climate-forced.  Long-term  comparisons,  using  minimally-disturbed  baselines,

revealed drastic transformation of the fish assemblage during a century of industrialisation, which

points  to  trawling-induced  alteration  of  benthic  habitats  and  substantial  changes  in  ecosystem

structure.  Besides  the  provision  of  novel  historical  context  for  current  and  future  studies  and

decision-making,  this  work  counters  the  erosive  nature  of  shifting  baselines  in  South  Africa's

marine environment.
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Chapter 1: General Introduction

Development of South Africa's trawl industry

While pre-colonial exploitation of marine resources in South Africa has a long history that may

have been important to human evolution  (Parkington 2001),  it  appears to  have been limited to

intertidal zones (Griffiths et al. 2004). Compared to many other temperate shelf regions of Europe,

Britain and North America, the colonial and industrial impacts were slow to reach South Africa's

demersal ecosystems,  due largely to a lack of market access that would fuel such expansion. In

1889 the 'Cape of Good Hope' colony (that included the west and south coasts of later South Africa)

had a fishing fleet that was estimated to consist of 374 boats crewed by 2 241 fishermen  (Lees

1969). Fishing methods at the time  consisted predominantly of beach seining or line-fishing, the

latter usually from small open boats that caught the majority of their fish within a mile or two from

harbours (Lees 1969). As lamented in a speech in parliament in 1890 by a proponent of developing

the fishing industry: “...we have not one steam or sailing vessel, small or large, nothing but little

open Malay boats hugging the shore, where a great European fleet of vessels and mariners could be

employed...” (Lees 1969).

The  earliest  beginnings  of  South  Africa's  trawl  industry  may  be  ascribed  to  a  steam tug  that

experimented with dragging a net outside the Port Elizabeth harbour in 1878 (Lees 1969). These

were followed by similar  efforts  by tugs  based in  Cape Town (Gilchrist  1914).  Only  in  1898,

however, was the first commercial steam trawler registered at Simon's Town in False Bay (Fig 1;

Department  of  Agriculture  1899),  following  the  evidence  of  substantial  catches  made  during

government-funded trawl surveys. The scientific trawl surveys had commenced the year before, led

by  Dr  John  D.  F.  Gilchrist  on  a  specially-commissioned  steam trawl  vessel,  the  Pieter  Faure

(Department of Agriculture 1898). His primary objective was to demonstrate “what the seas around

the  coast  really  contain  and  the  best  way  of  developing  them  practically”  (Department  of

Agriculture 1896).

The most important fishing grounds during the first two decades of commercial trawling in South

Africa were the inshore Agulhas Bank sole grounds (Scott 1949; Botha 1977), where relatively high

value catches  of east  coast  sole  (Austroglossus  pectoralis)  were targeted.  These principal  trawl

grounds included those off Cape Infanta, which were considered the productive grounds closest to

Cape  Town  (Department  of  Agriculture  1904),  areas  around  Mossel  Bay  and  the  eastern-most

grounds near  Bird Island  (Fig  1;  Scott  1949).  Initial  commercial  exploitation  of  these grounds

appears to have started in 1901 at  Bird Island  (Department of Agriculture 1902), 1903 at Cape
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Infanta (after discovery of grounds there in 1902; Department of Agriculture 1904) and as early as

1899 at Mossel Bay. The small Mossel Bay market initially struggled to accommodate the relatively

large trawl landings that would flood the market (Department of Agriculture 1900). By 1904 there

were nine  steam trawlers  fishing  the  Agulhas  Bank,  most  of  them registered  at  Port  Elizabeth

(Department of Agriculture 1905).

Figure 1. Map of the study region on South Africa's south coast. Names of places used in this or
other  chapters  are  shown,  including  towns/cities  (circles)  and  geographic  features  (crosses).
Bathymetry is indicated by 100-, 200- and 500-m depth contours.

South Africa's trawl industry grew as transportation networks and access to markets developed,

after the disruption of the First  World War. In 1920, renewed funding and a converted whaling

vessel allowed Gilchrist to resume scientific trawl surveys 14 years after they had been abandoned

due to financial constraints. In 1922 there were 1 002 boats, of which 17 were steam-driven otter

trawlers, registered in the Cape Province  (which incorporated both Agulhas Bank and west coast

fishing grounds; Lees 1969). The large west coast hake resources were discovered in deeper waters

at this time (Scott 1949; Payne and Punt 1995), after which they dominated regional trawl landings

as growth in capacity and effort was focused on the west coast. Catches of both shallow-water

(Merluccius capensis) and deep-water hake (Merluccius paradoxus) remained the largest and most
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valuable part of South Africa's trawl industry, to the extent that their landings provide a proxy for

trawl catch and effort over time (e.g. Griffiths et al. 2004).

After the Second World War, technological advances and growing capacity resulted in faster growth

of the industry. Hake landings reached approximately 50 000 tonnes in 1950 and 160 000 tonnes by

1960  (Payne and Punt 1995). As news of profitable catches spread, foreign fleets arrived in the

1960s, rapidly escalating fishing effort and catches in the region  (Payne and Punt 1995). These

included vessels from Japan, Spain, Soviet Union, Poland, Bulgaria, Romania and East Germany

(Payne 1989). South African hake landings reached a peak in the early 1970s (~300 000 tonnes),

after which they fell steeply due to over-exploitation of the resource  (Payne and Punt 1995). In

1972 the  International  Commission  for  the Southeast  Atlantic  Fisheries  was formed to try  and

regulate regional fishing pressures and in 1977 the South African government proclaimed a 200-

nautical mile exclusive fishing zone that progressively removed international effort. In the 1980s

hake populations started to recover and their catches have subsequently remained relatively stable at

~150 000 tonnes per year (Griffiths et al. 2004; DAFF 2015). An overview of the development, gear

and vessel technology, management strategies and fleet structure of South Africa's trawl fishery are

provided in Sink et al. (2012b).

The inshore Agulhas Bank plays a relatively minor role in trawl landings compared to large hake

catches  in  deeper  waters  and  on  the  west  coast.  Yet  a  mixed-species  trawl  fishery  has  been

maintained there since it began at the beginning of the 20th century (Attwood et al. 2011). Inshore

trawlers are limited to 30 m vessel length and concentrate their effort in shallower areas (< 110 m)

from which larger 'offshore' vessels are excluded (Attwood et al. 2011; Sink et al. 2012b). In recent

decades the inshore trawl vessels have focused on east coast sole and hake (Merluccius capensis)

catches, although horse mackerel (Trachurus trachurus), silver kob (Argyrosomus inodorus), panga

(Pterogymnus  laniarius),  gurnards  (Chelidonichthys  spp.),  chokka  squid  (Loligo  vulgaris)  and

multiple other species have added value to landings  (Attwood et al. 2011). The number of active

inshore trawl vessels was 35 in the early 1990s  (Payne and Punt 1995), which declined to 15 in

2015.

Baselines and understanding change

Reconstructing  and  understanding  past  dynamics  of  fishing  effort,  fish  populations  and  their

ecosystems is critical to enable informed management of our oceans. Without knowledge of the

historical backdrop that led to them, we lack context in which to interpret current states (Cardinale

et al. 2009), whether they describe catch rates or density of a population, the composition of an

assemblage or the distribution of a species. Such measures or descriptors of the state of populations,

6



communities or ecosystems at a particular point in the past are commonly referred to as historical

reference points or baselines.

In most of the world the initiation of standardised scientific monitoring programs started well after

the initiation of fishing and other human impacts  (Mackinson 2001; Lotze and Milewski 2004;

Lotze and Worm 2009). The majority of our knowledge of trawl ecosystems and their baselines are

thus supported by investigations of systems that were already altered by anthropogenic impacts

(Rogers and Ellis 2000; Pinnegar and Engelhard 2008; Thurstan et al. 2010). An understanding of

the extent and nature in which the already-impacted ecosystems deviated from those prior to human

pressures is poorly developed in most cases (but see case study of Lotze and Milewski 2004). This

lack of appreciation for historical ecosystem or population states exacerbates the pitfall of shifting

baselines  (Pauly 1995),  whereby successive generations of scientists,  fishers and society accept

progressively compromised ecosystems. Addressing this knowledge gap is a key focus of marine

historical ecology (Lotze and McClenachan 2014). Improving knowledge on historical baselines is

a research priority in South Africa and internationally (Sink et al. 2012a; Schwerdtner Máñez et al.

2014).

Climate impacts

Anthropogenic climate change can influence fish populations or communities via an array of direct

or indirect effects operating on a range of temporal and spatial scales (Brander 2010). Examples of

direct physical and chemical impacts could include changes in temperature, pH, currents, frequency

or intensity of mixing events, concentrations of oxygen and nutrients. Such impacts will have direct

influence  on  populations  by,  for  example,  causing  changes  in  their  distribution,  behaviour  or

productivity, and indirect effects via surrounding ecosystem processes (Harley et al. 2006; Brander

2010).  As  they  can  interact  with  fishing  or  other  anthropogenic  impacts  in  various  ways,

disentangling climate  effects  and understanding their  implications  is  challenging in  the  poorly-

sampled  marine  environment.  Expected  and  documented  impacts  of  climate  change  in  marine

ecosystems are provided by Harley et al. (2006), Brander (2010) and Doney et al. (2012).

Much of our knowledge of long-term change in demersal ecosystems stems from assessments of

trawl catches over time. Valuable contributions have been made by studying temporal and/or spatial

change in commercial catches (e.g. Rijnsdorp and Millner 1996; Klaer 2001; Thurstan et al. 2010;

Thurstan and Roberts  2010).  An alternative strategy has been to contrast  research trawl survey

catches over time or among periods. Compared to commercial catches, research surveys usually

provide  higher  resolution  data,  enable  a  greater  degree  of  standardisation  across  effort  or  gear

efficiencies  and  avoid  bias  due  to  market-related  changes  in  discards  or  targeting  strategies.
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Research survey data, specifically historical trawl survey data and a repeat experiment thereof, form

the basis of this thesis.

Using multiple periods of trawl survey data between 1913 and 2002, Genner et al. (2004) showed

that the principal component of community composition was correlated with ocean temperatures in

the  English  Channel.  This  correlation  appeared  to  be  driven  by  abundances  of  several  taxa

increasing during periods of warmer waters. Building on this research, Genner et al. (2010) showed

that smaller-sized species had responded to climate fluctuations, whereas there had been persistent

fishing-related declines in the sizes and abundances of larger species. Using four periods of varying

climate and fishing pressures between 1902 and 2008, ter Hofstede and Rijnsdorp (2011) contrasted

changes in species richness and fish size. They suggested that warm periods had favoured taxa that

prefer warmer waters and had driven smaller mean body sizes independently of fishing impacts.

Engelhard et al.  (2011a) assessed changes in the assemblage of demersal fish in 1977-2008 North

Sea  trawl  surveys,  having  pre-assigned  species  to  ecotypes  based  on  biogeography,  habitat

preference, body size,  trophic guild and level.  They concluded that there had been increases of

mainly small, warm-water, low- or mid-trophic-level taxa, and declines of mostly large, cold-water,

high-trophic-level ecotypes. Responses implicated aspects of both climatic signals and vulnerability

to fishing pressures.

Distribution changes are an obvious response that have been linked to climate changes, although

direct or indirect effects of fishing may sometimes cause similar responses (Engelhard et al. 2011a).

Poleward distribution shifts towards areas of cooler waters have been interpreted as responses to

warming waters (e.g. Stebbing et al. 2002; Beare et al. 2004). Using demersal trawl survey datasets

across several regions, Pinsky et al.  (2013) showed that climate velocity (the rate of geographic

isotherm  shift  over  time)  explained  distribution  changes  more  effectively  than  taxonomic  or

biological  characteristics  of  demersal  ichthyofauna.  Modern  statistical  techniques  are  becoming

increasingly adept at estimating distribution changes over time, while accounting for potential bias

such as non-uniform spatio-temporal sample coverage (e.g. Thorson et al. 2016a).

Fisheries pressures

Contrasting  trawl  surveys  between  1906-1909  and  1990-1995  in  the  south-east  North  Sea,

Rijnsdorp et al. (1996) showed reduced abundances for the total assemblage and groups within it, as

well as reductions in the sizes of fish caught. They also reported lower diversity and greater species

dominance in the latter period, as did Greenstreet and Hall (1996) when they contrasted north-west

North Sea trawl survey records between the periods of 1929-1953 and 1980-1993. Greenstreet and

Hall  (1996) noted that  assemblage differences  between the two periods  were mostly driven by

8



relatively subtle changes in the abundances of less-common taxa. These conclusions were supported

by follow-up research (Greenstreet et al. 1999) using a dataset expanded in time (1925-1996) and

space  (addition  of  central  North  Sea).  Greenstreet  et  al.  (1999) highlighted  that  decreases  in

diversity were linked to areas that had been most heavily fished and that community changes were

most apparent in the group of species targeted by fishing. They also noted a shift towards a smaller-

sized assemblage, consistent with fishing-induced changes in the demersal community. Even though

the  assemblages  separated  statistically,  both  studies  emphasized  a  relatively  high  degree  of

similarity  among  periods  and  concluded  that  the  trawl-caught  communities  had  not  changed

drastically over time. A similar conclusion was drawn by Rogers and Ellis (2000), who contrasted

trawl survey assemblages between 1901-1907 and 1989-1997 in three coastal regions around the

British Isles. They attributed declines of larger (especially elasmobranch) species and increases of

smaller non-targeted taxa to the effects of fishing. 

In a long-term investigation of the Firth of Clyde (Scotland) trawl fauna, Heath and Speirs (2012)

documented the changes that followed the 1962 withdrawal of a trawling ban that had been in place

since 1889. The resumption of trawling after 73 years was followed by substantial change in the

demersal fish assemblage. Biomass that was previously spread across multiple species, including

those of large body size, became concentrated in small-sized fish and predominantly one species

(whiting, Merlangius merlangus). Once trawling pressure eased due to collapsed fishing yields, the

species evenness recovered relatively fast but the curtailed size structure remained 10 years later

(Heath and Speirs 2012).

In the Kattegat-Skagerrak region of the north-east North Sea, examination of historical surveys have

revealed  past  abundance  and  distribution  changes  critical  to  the  assessment  of  recent  fishery

resources. By compiling a series of trawl survey results over time, Cardinale et al.  (2009) showed

substantial declines in the turbot (Psetta maxima) population between 1925 and 2007 that were

missing from assessments using only more recent data. Their results suggested that turbot biomass

had declined by 86%, that maximum body sizes had decreased by 20 cm and that the population had

virtually disappeared from previously-inhabited northern areas. Similarly, Cardinale et al.  (2010)

used trawl survey data between 1901 and 2007 to investigate past dynamics of plaice (Pleuronectes

platessa) in the Kattegat-Skagerrak area. The long-term perspective revealed that recent biomass

was about 40% of its maximum levels during that time and that mean maximum sizes had declined

by about 10 cm during the study period. Bartolino et al.  (2012) used a similar dataset to assess

spatial estimates of adult cod (Gadus morhua) biomass among different periods between 1906 and

2007.  They  identified  two main  aggregations  within  the  study area  and showed that  both  had

suffered extensive losses as the stocks collapsed after peak fishery landings in the 1960s-1970s.
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Large,  slow growing predators,  with a  low intrinsic  population  growth potential  are  frequently

highlighted as being sensitive to fishing pressures  (Myers and Worm 2005; Ferretti et al. 2008).

Many elasmobranch species fall into this description and their decline or disappearance from fished

waters around the world has been documented (Casey and Myers 1998; Ferretti et al. 2013; Meissa

and Gascuel 2015). In an example from the Adriatic Sea, Ferretti et al. (2013) used multiple trawl

surveys between 1948 and 2005 to document alarming declines in the elasmobranch community.

These included combined catch rate decreases of > 94% and 11 species that had disappeared from

survey catches during the studied period. These alarming changes were blamed on the development

of excessive fishing effort.

Pre-exploitation baselines

Of the many studies that have investigated trawl survey catches over time or among periods, few

have had the opportunity of initial surveys that were conducted prior to or at the very beginning of

commercial trawling activity (e.g. Silvestre et al. 1986; Harris and Poiner 1991; Andrew et al. 1997;

Graham et al. 2001; Kongprom et al. 2003). Although surrounding ecosystems were undoubtedly

impacted by human activity to some degree  (Pinnegar and Engelhard 2008), such studies likely

captured baselines of demersal ecosystems that  are  closer  to their  undisturbed or pristine state,

relative to the majority of investigations that contain initial data collected decades or centuries after

commercial trawling started. A difference between trawled and un-trawled areas may be the state of

benthic  habitat.  Trawls  and  other  mobile  fishing  gears  are  associated  with  reduced  habitat

complexity  via  the  removal  of  structure-forming  benthic  fauna  and  disturbance  or  removal  of

sedimentary structures  (Auster et al.  1996; Kaiser et al.  2000). The greatest impacts on benthic

communities are considered to be associated with initial trawling activity  (Duplisea et al.  2002;

Dinmore et al. 2003).

In the shallow, tropical northern Australia Gulf of Carpentaria a prawn trawl fishery developed in

the mid-1960s. Using 1964 trawl surveys, prior to the start of the trawl industry, Harris and Poiner

(1991) compared the fish fauna with repeat surveys in 1985/1986, using the same trawl gear. Their

comparisons revealed substantial changes in the fish assemblage. These included the collapse of one

of  the  previously  dominant  filefish  taxa  (Paramonacanthus  spp.),  as  well  as  17  others  that

decreased and 12 that had increased between the surveys. They noted that the vertical water-column

distribution  of  fish  separated,  to  some  degree,  those  species  that  had  declined  (benthic  taxa)

compared to those that had increased (pelagic or bentho-pelagic species). Harris and Poiner (1991)

attributed  these  changes  to  fishing  pressure  from the  prawn  trawlers,  although  suggested  that

sediment changes, possibly relating to river input, might also have had some influence.
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On the trawling grounds of the upper continental slope off New South Wales, a repeat survey was

conducted 20 years after the same vessel and similar gear was used to survey areas at early stages of

commercial exploitation in 1976/1977 (Andrew et al. 1997; Graham et al. 2001). The majority of

targeted and non-targeted taxa declined substantially between survey periods, causing a decrease in

total catch rate to 32% of that recorded in initial surveys  (Andrew et al.  1997). The decline of

elasmobranchs was especially acute. While catch rates of spiky dogsharks (Squalus megalops) had

remained similar, pooled abundances of the remaining sharks and rays declined to < 10% of the

1970s survey levels  (Graham et al. 2001). Almost all species for which size data were available

indicated decreases in mean size (Andrew et al. 1997).

Trawl fishing developed relatively late in parts of Asia and as a result further examples exist of

documented  catch  records  near  the  beginning  of  such industries.  Following  the  initiation  of  a

demersal trawl fishery in 1945 in the Philippines, Silvestre et al. (1986) showed that trawl catch per

unit effort in shallow waters (< 100 m) declined between 1947 and 1981 to 31% of initial rates.

Commercial trawling was introduced into the Gulf of Thailand in 1960. Using trawl survey data

between 1961 and 1995, Kongprom et al. (2003) documented a decline of demersal biomass to 8%

of  initial  levels  estimated  for  1961.  Both  Silvestre  et  al.  (1986) and  Kongprom et  al.  (2003)

concluded that demersal resources were severely over-exploited by excessive fishing capacity.

Demersal ecosystem changes in South Africa

Demersal trawl research in South Africa has been underpinned by government-led research surveys.

In the recent era, from 1983 onwards, these have consisted of annual or bi-annual stratified random

surveys conducted separately on the west and south coasts. The data are collected and maintained

by the Fisheries Branch of the Department of Agriculture, Forestry and Fisheries (DAFF; formerly

Marine and Coastal Management in the Department of Environmental Affairs and Tourism; MCM –

DEAT). Badenhorst and Smale  (1991) and Smale and Badenhorst  (1991) used 1986-1990 survey

data to document the distribution and abundances of several demersal species on the Agulhas Bank

extending off South Africa's south coast. Multivariate assemblage structures were explored in the

same dataset by Smale et al. (1993). They showed consistent groupings of inshore (< 100 m), shelf

(90-190 m) and shelf-edge/upper slope fauna (> 200 m), which were theorised to be driven by

water-column properties (such as temperature and oxygen) in addition to depth (Smale et al. 1993). 

In South Africa, research on temporal changes in demersal fish communities has predominantly

focused on the recent era of DAFF surveys, on the south coast  (e.g. Yemane et al.  2005, 2008,

2010), west coast  (e.g. Atkinson et al. 2011b, 2012; Yemane et al. 2014; Kirkman et al. 2015) or

across the region (e.g. Pecquerie et al. 2004; Watermeyer et al. 2016). Whereas regional movement
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between coasts  (Watermeyer et al. 2016) and demersal distribution changes on the west coast of

South Africa have been investigated (Yemane et al. 2014), little information exists on distribution

dynamics of the south coast Agulhas Bank demersal fauna.

Yemane et al.  (2010) examined a range of diversity measures over space and time (1986-2003) in

South Africa's south coast trawl survey data. They showed that diversity measures of the demersal

community (teleosts, cephalopods, and chondrichthyans) were structured by depth and longitude

(alongshore)  and  that  diversity  and  evenness  had  increased  during  the  period  assessed.  The

application of abundance-biomass-comparison curves to the same dataset (1986-2003) suggested

that the community had been exposed to increasing stress during that period (Yemane et al. 2005).

As trawling effort had been in decline, potential causes of the signal of greater disturbance were

suggested to be the initiation of a longline fishery in 1994, or perhaps longer-term, cumulative

degradation  of  demersal  habitats  (Yemane  et  al.  2005).  The  finding  of  a  community  under

increasing pressure was later supported by analysis of size-based indicators over the same period

(Yemane et al. 2008).

Few investigations incorporate historical data beyond the recent survey period (1980s onwards) to

investigate long-term dynamics in South African fish. Multiple species caught in the inshore trawl

fishery are also targeted by line-fishers. Research conducted by Penney et al.  (1989) and Van der

Elst  (1989) were among initial efforts to contrast historical line catch records from the mid- and

early-20th century with contemporary data at the time. This research was strengthened by Attwood

and Farquhar (1999), Penney et al. (1999) and Griffiths (2000) who confirmed the earlier findings

of alarming catch declines amongst several species during the 20th century.

A study of South African trawl-caught assemblages that incorporates historical data beyond the

recent era is that by Mussgnug  (2013). He combined a variety of south coast trawl survey data

(1898-1904; 1922-1948; 1980; 1985-2010) and commercial observer (2003-2006) data to assess

changes in the community composition at three inshore areas, focussing on chondrichthyan taxa.

Assemblages differed significantly among periods. Contrasting proportional abundances between

1898-1933 and 1985-2010, he found that a suite of species, mostly slow-growing, low-fecundity

taxa,  had  declined,  whereas  several  small,  fast-growing  generalist  species  appeared  to  have

increased  their  proportion  over  time.  The  influence  of  differences  in  gear  technology  among

different survey periods was challenging to account for and Mussgnug (2013) suggested historical

surveys be replicated to overcome this problem.
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Thesis aims and overview

The  aim  of  this  thesis  is  to  describe  historical  baselines  and  investigate  temporal  and  spatio-

temporal changes in the demersal fish community on South Africa's Agulhas Bank. The research

was inspired by rediscovery and digitisation of a unique historical dataset that sampled trawl-caught

fauna prior to substantial anthropogenic impacts. To maximise value from the historical data, they

needed  to  be  compared  to  recent  catches  at  the  same  locations.  Substantial  changes  in  trawl

technology  and  its  influence  on  catchability,  meant  that  the  most  accurate  and  meaningful

comparison would be achieved by replicating the historical gear and methods in a long-term repeat

survey experiment. 

Chapter 2 of this thesis aims to document the details of design and methods of operation for the

trawl gear used on the historical research vessel, Pieter Faure, to enable replication of its fishing

power. Incorporating information from literature, photographs and maps, the materials, design, size

and application of trawl gear components are discussed. The evolution of early otter  trawls are

outlined, as well as consideration of remaining uncertainties of gear size and trawl speeds. This

research  enabled  modern  re-construction  of  the  historical  gear  and  re-enactment  of  1903/1904

surveys in 2015, providing the data necessary for Chapters 3 and 4.

Chapter  3  investigates  changes  in  assemblage  composition  between  the  historical  and  repeat

surveys, using multivariate techniques. Taxa discerning assemblages between periods are explored,

as well as species accumulation curves and diversity measures. Besides implications of results, the

impacts of key assumptions and logistical constraints of the study are discussed.

Chapter 4 interrogates in more rigorous detail the changes in abundance and sizes of individual taxa

between  periods.  Findings  are  related  to  knowledge  of  the  biology,  stock  size  and  habitat

preferences for common species. Where relevant, management implications are raised and ideas for

follow-on research are described.

Spatial  distribution  changes  likely  influence  species  abundances  and  community  composition,

besides  being  an  important  consideration  to  fishers,  managers  and  researchers.  Chapter  5

investigates temporal changes in distributions of demersal ichthyofauna on the Agulhas Bank. As

historical  data  are  incompatible,  analyses  focus on the last  three decades  of trawl survey data.

Results  are  interpreted  in  the  context  of  human  pressures,  predominantly  fisheries  and

climate/environmental change.

Chapter 6 highlights key findings from Chapters 2-5 and expands on their implications to science,

fishers and management. Knowledge gaps and fruitful avenues of future research are key elements

outlined in a forward-looking perspective.
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Chapter 2: Design and function of the historical Granton otter trawl in

South Africa's earliest trawl surveys (1897-1906)

Abstract

The investigation of trawl catch data over time or among different periods is a popular strategy to

assess  long-term  changes  in  marine  environments.  Such  investigations  are  challenged  by

unquantified biases due to advances in gear technology and a lack of knowledge on the fishing

power of historical trawl designs. In this context, trawl gear and methods used on board South

Africa's first research vessel, from 1897 to 1906, were investigated. The goal was to document the

gear and methods to an extent  that  would allow their  reconstruction and use in planned repeat

surveys more than a century later. The literature was reviewed for information on the design and

function of otter trawls from the relevant period and location (the United Kingdom, Scotland in

particular), as gear components employed on the vessel were not documented in sufficient detail.

Additional  specifics  on  the  materials  and  dimensions  were  gleaned  from government  research

reports and photographs of the vessel. The gear consisted of an early 'Granton' otter trawl net, made

of Manila hemp and with a headline length of ~27 m. The otter doors were flat wooden boards (with

a steal frame) connected directly to the headline and ground-rope of the net. The historical towing

speed was estimated to be 1.35 m·s-1 (2.62 knots). The results of this chapter provided the details

necessary  to  reconstruct  trawl  gear  that  functionally  imitates  those  used  on  the  Pieter  Faure,

enabling the repeat surveys required for Chapters 3 and 4. As similar trawling equipment was used

globally during the early 20th century, including in the United Kingdom, United States of America

and Australia, this information provides an internationally-relevant foundation for studies aimed at

investigating historical trawl records and their associated fishing power.
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Introduction

Research trawl surveys are  a  common approach used globally to  monitor  fish stocks  and their

ecosystems  (Jennings  et  al.  2001).  Because  most  demersal  ecosystems around  the  world  were

subject to exploitation for decades to millennia before they were first scientifically sampled by trawl

surveys, knowledge of their undisturbed or ‘pristine’ state is poor (Pinnegar and Engelhard 2008).

Uniquely,  trawl  surveys  conducted  along  the  coast  of  South  Africa  in  1897-1906,  sampled  a

demersal  environment  believed to  be close to  its  undisturbed baseline state  (Chapter  1).  These

surveys  provide  a  rare  opportunity  to  quantify  historical  reference  points  and  measure  the

subsequent changes in a temperate demersal fish assemblage. Understanding the historical fishing

gear and how its technology influenced fishing power is crucial to enable valid comparisons of the

historical and contemporary survey data.

As one of the primary objectives of trawl surveys is to compare faunal abundances and sizes over

space and time,  they require  meticulous  standardisation to function as replicate  samples  of the

trawled community.  Differences in  the design of trawl equipment,  and in  the method that  it  is

fished,  influence  the  sizes  and  species  composition  selected  for  in  the  catch  (Hickling  1931;

Margetts 1949; Bagenal 1958; Engås and Godø 1986; Engås and West 1987; Dealteris et al. 1989;

Axelsen  and  Johnsen  2015).  As  a  result,  modern  trawl  surveys  are  typically  accompanied  by

extensive  lists  of  the  gear  employed  and  specifications  of  their  dimensions,  design  and

configuration.  Such  meticulous  gear  records  were  unfortunately  not  included  in  South  Africa's

earliest trawl surveys, which commenced in 1897.

Various components of the trawl design will influence the selectivity of the net. The width of the net

gape controls the area of sea floor covered by a demersal trawl and is an important factor in the

calculation of swept-area-standardized catch rates (Jennings et al. 2001). In addition, the shape of

the trawl net, especially that of its mouth, will influence its selectivity amongst different species or

size classes  (Engås and Godø 1986; Dealteris et al.  1989; Johnson et al.  2008). Fish that swim

above the sea floor or that flee upwards when disturbed, will be captured more effectively by a net

with a taller mouth gape. Flatfish and other taxa closely associated with the seabed can be targeted

effectively with a net that has a lower headline (Ryer 2008). The degree of contact that the ground-

rope has with the sea floor is another critical component that influences the catch rate of organisms

closely associated with the benthic substrate (von Szalay and Somerton 2005).

The mesh sizes used to construct a net likely influence the potential  escape of organisms as a

function of their size and shape (Reeves et al. 1992; Sparre and Venema 1998; Mous et al. 2002). It
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is the cod-end meshes of a trawl net where the greatest selectivity is believed to act, as this is where

the majority of trapped individuals escape  (Graham et al. 2009). To quantify the selectivity of a

specific  mesh,  selectivity  factors  are  frequently  calculated,  usually  by way of  covered cod-end

experiments (MacLennan 1992; Sparre and Venema 1998). 

Trawl surveys generally seek to measure a signal in the trawl-caught population or community

(over time or amongst areas) and it is therefore vital to minimise any variations that stem from

differences  in gear or methods.  The greatest  difficulty  in quantifying differences between trawl

surveys is to account for potential bias due to variations in gear technology, the effects of which are

difficult to estimate. Accounting for technological improvements over time requires a continuous

record of catch rates across gear changes and from a spatially-explicit area (e.g. Engelhard 2008).

Without the necessary records to account for gear performance, an investigation of catch rates over

time requires careful standardisation of gear and methods to keep the fishing power constant.

Revisiting historical survey sites and measuring the changes that have taken place by repeat surveys

is not an unusual experiment in ecology (e.g. Dolman and Sutherland 1992; Simkanin et al. 2005).

There are only a few cases, however, where it has been performed in the logistically difficult and

costly realm of marine trawl surveys.

One such example is that by McHugh et al. (2011), who revisited two sites off the south-east coast

of England that had been surveyed during 1913-1922 and repeated trawl surveys in 2008-2009.

They used an otter trawl that was of the same size and similar mesh to that of the historical gear.

Contrasting  the  two  periods,  they  investigated  changes  in  community  composition  and  size

frequencies of trawl-caught fish. In another example, Andrew et al. (1997) and Graham et al. (2001)

report on a 1996/1997 re-survey of the upper continental slope trawling grounds off New South

Wales in Australia, 20 years after they were surveyed using the same vessel and similar gear during

early stages of commercial exploitation.

In South Africa, detailed descriptions of the Pieter Faure trawl gear in historical government reports

is unfortunately lacking. In reference to the 'large otter trawl' employed, Gilchrist mentioned that

“The  outfit  of  the  boat  consists  of  an  otter  trawl  of  the  latest  pattern  with  all  accessories...”

(Department of Agriculture 1898); “The 'spread' or breadth while working of the trawls and dredges

are to be taken into consideration in estimation of the relative abundance of animals caught. In the

case of the large otter trawl this was about 80 feet...” (Department of Agriculture 1899).

The  interest  to  investigate  long-term change  in  the  demersal  fish  community  by  repeating  the

historical trawl surveys led to the obvious question: can one replicate the gear and imitate fishing

methods used in these historical trawl surveys, to the point of confidently assigning differences in
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survey results to changes in the trawl community? The objective of this chapter was to collate the

information  required  to  re-build  trawl  gear  of  identical  size  and  shape,  and  which  would

functionally replicate the catching power and selectivity of the otter trawl used on the Pieter Faure.

Accomplishing this  would enable the repeat  surveys necessary for the assessment  of long-term

changes in the fish assemblage (Chapter 3) and abundances (Chapter 4). Because similar equipment

was used widely (Garstang 1905; Anon 1908; Department of Trade and Customs 1909; Hjort 1914),

results should be of interest to investigators studying historical trawl records and past fishing power

across the world.

Methods

A review of  the  literature  containing  information  on past  trawling  practices  was  conducted  to

develop a detailed plan of the historical otter trawl (including gear design, materials, construction

and trawling methods). Additional site- and vessel-specific information was obtained from maps

and photographs, the methods of which are described below. The photographs were scanned from

prints and photographic slides housed by the Department of Agriculture,  Forestry and Fisheries

(DAFF) Communications Archive Photo Library, Cape Town, South Africa.

To support calculation of historical towing speeds, trawl tracks were examined on maps scanned

from the  government  reports  that  detailed  the  trawl  survey results  (Department  of  Agriculture

1899).  The digital  images  were geo-referenced using a second order polynomial transformation

applied in QGIS (Quantum GIS Development Team, 2014). As coordinates were not included on

these maps, prominent landmarks, such as headlands, river mouths or islets were used as control

points (a minimum of four per map) and the correct coordinates estimated from a high resolution

outline of the South African coastline projected in the World Geodetic System (WGS84). Once the

maps were saved as  geo-referenced raster  images,  they  were re-projected  in  the South  African

Coordinate Reference System, choosing an appropriate reference longitude zone (e.g. 23° E for the

Mossel Bay area). The distances of individual trawl tracks were then measured using the distance

measure tool in QGIS. Finally the mean speed of tracks was calculated as the distance divided by

the duration of the trawl. This process was applied to 12 tracks for which chart tracks and trawl

durations were available. 

To measure the dimensions of gear components from historical photographs, the images were scaled

using three-dimensional (3D) modelling software, Sketchup Make (version 14, 2014). The software

allows one to align axes of three orthogonal dimensions with those of an object in a photograph,

typically  to  reconstruct  a  3D  model  of  the  object.  After  aligning  the  dimensions,  a  known

distance/length in the photograph is used to scale the model (image). Since the length of the vessel
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was known, a correctly-scaled vertical surface could be fit along the centre-line of the vessel. The

known vessel width was then used to adjust for the difference in depth between the centre line and

the outer edge of the vessel where the trawl boards are attached (assuming that the boards were

attached near the widest part of the ship). Following these procedures, the otter boards on the side

of the vessel were approximately correctly scaled and their dimensions were measured using the

tape-measure tool in Sketchup.

The mesh sizes of the net's cod-end were measured off a photograph, having scaled the image with

the approximate heights of crew members in the photograph. Once it was scaled, 10 independent

cod-end meshes on the surface of the net facing the photographer were selected. Each of the four

sides was measured providing a total of 40 measurements. Although a second photograph of the

same cod-end was available (Appendix), it was not used because the legs of the crew members were

not included, making it difficult to scale the picture.

The difficulty in applying this method to photographs of (or on) a ship, was the lack of visible edges

that represent truly orthogonal lines, which are required to define the dimensions e.g. parallel to the

length and width of the vessel. The height of crew members on deck, along with other visible items

such as the life-ring, provided diagnostic features to assess whether the vessel and her objects were

being (approximately) correctly scaled. Once the heights of the crew members were congruent with

the average height of men born in Great  Britain between 1860 and 1880  (165-170 cm; Hatton

2013), and the life-ring measured a similar height and width (i.e. was projected to be round), the

measured dimensions of the otter boards were deemed to be close to reality.

Results and Discussion

Development of the early otter trawl

Beam  trawling  was  a  precursor  to  otter  trawling.  The  use  of  beam trawls  on  sailing  smacks

(traditional fishing boats)  was widespread by the early 1800s and developed rapidly throughout

Britain in the 19th century  (Robinson 2000; Engelhard 2008). Their fishing power was limited.

Firstly, the sailing smacks were completely reliant on the weather (wind) to power their trawling

activity.  Secondly,  the width of the net was limited by the length of beam that could safely be

managed and stowed on board vessels (Heape 1887; Edwards 1909).

The swift adoption of steam power on trawl vessels in the late 1880s and early 1890s  (Edwards

1909) released  the  fleets  from  their  reliance  on  adequate  winds  and  enhanced  their  fishing

performance (Garstang 1900). Yet problems with handling the massive beams on board prevented
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them  from  building  larger  nets  to  take  advantage  of  the  excess  power  available  from  steam

(Edwards 1909).

Figure  2. The original otter ('Granton') trawl gear as patented by Mr Scott of Granton in 1894.
Adapted from Cunningham (1896).

In 1894 a new set  of trawl devices  were patented by a Mr Scott  of Granton,  Scotland,  which

circumvented the requirement of a beam  (Cunningham 1896). Instead a set of rectangular 'otter

boards' were used, which resembled a pair of underwater kites, standing upright on their edge and

pulling  the  leading  edges  of  the  net  outwards  as  they  were  towed  through  the  water  (Fig  2;
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Cunningham 1896). Without a beam, the dimensions of the net could expand to match the towing

power available to steam vessels.

The design of the first commercially employed “otter” or “granton” trawls were essentially beam

trawl nets attached to otter  boards  (Fig  2; Cunningham 1896; Kyle 1903; Edwards 1909). One

documented  improvement  was  the  addition  of  wings  to  the  square  of  the  net,  in  order  to

accommodate the backward curve of the headline when under tow. The addition was made within

the first year or two after Scott's granton trawls were introduced (Fulton 1901; Davis 1927). 

The greatly  augmented catches made by otter  trawls were so convincing that  their  use quickly

spread throughout Britain's fishing ports and beyond. Many skippers applied the same concepts but

avoided the patented parts and associated royalties  (Cunningham 1896). The transformation from

beam to otter trawls was so fast that by 1899, when Fulton (1901) wanted to compare the efficiency

of beam and otter  trawls in Scotland, he struggled to find a working beam trawl to  use in his

experiment.

The next  major  innovation  in  trawling  gear  took place  in  the  early  1920s in  France,  with  the

introduction of Vigneron-Dahl gear, named after its inventors (Le Gall 1931; Hickling 1931). The

critical modification was the addition of 'bridles' or 'sweeps', rope or cable extensions that separated

the otter boards from the wings of the net. The mud plume and disruption caused by the otter boards

and bridles greatly expand the effective width of the net by herding fish inwards toward the mouth.

This  strategy  was  highly  effective  for  increasing  catches  of  many  'roundfish'  (fish  other  than

flatfish), including cod and hake species (Hickling 1931; Margetts 1949) and quickly spread across

the world.

Prior to the Vigneron-Dahl innovation, the design of otter trawls seems to have remained relatively

consistent, even though trawlermen undoubtedly made small adjustments to their nets. Beyond the

addition of wings, the most significant improvement in fishing power during the pre-Vigneron-Dahl

era,  was likely the progression  in  engine  technology and greater  power output,  which allowed

progressively larger trawl nets to be employed.

Steam engines and trawl speeds

Once the net sizes could expand beyond the limits set by the beam trawl, engine power became the

limiting factor in the size of trawl nets used: larger catches could be made with bigger nets, but the

drag of the net and trawl doors had to be kept within the towing power of the vessel.

Trawling speeds vary among different vessels and trawl gear, and the speed of a single vessel can

change among substrate types or in varying conditions of weather or current (Dealteris et al. 1989).
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Modern trawlers frequently attain speeds of 3-4 knots and faster  while towing demersal trawls

(Dahm et al. 2002; Weinberg 2003). Early steam trawlers were less powerful and slower towing

speeds are recorded. Referring to beam trawls towed by steam vessels, M’Intosh (1895) stated the

average speed to be 2.5 knots, though higher speeds were sometimes attained on muddy grounds.

Fulton (1901) measured the speed on three otter trawlers in 1900 and calculated an average towing

speed of 2.64 knots across the three vessels. Kyle  (1903) reported the average speed of a towed

otter trawl to be 2.5 knots and that of a beam trawl to be 2 knots. Taking measurements from 135

otter trawl hauls on the SS Huxley, which was a steam trawler of very similar engine and vessel size

as the  Pieter  Faure,  Garstang  (1905) reported a towing speed range of 2 to  2.9 knots,  with an

average and mode of 2.30 knots. Thus towing speeds of steam trawlers during the Pieter Faure era

typically seem to have ranged about 2-3 knots.

Historically, trawls were frequently towed on a curved or circular track. As a result, comparing start

and end locations is not very informative to the calculation of towing speeds. Fortunately Gilchrist

provided  a  handful  of  detailed  maps  on  which  he  traced  the  trawl  tracks  of  the  Pieter  Faure

(Appendix A; Department of Agriculture 1899). Having geo-referenced these maps and measured

12 individual track distances, the mean and median speeds calculated were 2.62 and 2.65 knots

respectively (interquartile range of 2.15-3.13 knots). The accuracy of the charted tracks is difficult

to  ascertain  and may include a  substantial  level  of  error.  However,  a  bias  or  error  in  charting

accuracy  will  most  likely  add  random  error  (noise)  to  the  track  measurements,  rather  than  a

systematic bias. This assumption is supported by the fact that the estimated figures are congruent

with speeds reported from the literature above. Therefore an average towing speed of 2.62 knots

(1.35 m·s-1) will be assumed for the  Pieter Faure trawl surveys, but analyses using standardized

catch rates will consider the sensitivity of results to using the quartile figures of 2.15 and 3.13 knots.

Net design

The shape, fishing power and selectivity of the net are governed by an interplay of multiple factors.

Several components that make up the gear and influence its performance are discussed in separate

sections below. However the general shape and behaviour of the net will additionally be affected by

the dimensions of the various panels from which it is constructed and the way in which they are

connected (to provide slack/taut sections of netting when under tow).

In the absence of design plans for the trawl used on the  Pieter Faure, the best alternative was to

investigate the designs of trawls from the same era and region. Net plans – design drawings that

provide details on the number of meshes and shapes of various panels making up the net – were not

found from the initial years of otter trawling. The earliest detailed description and plans of an otter
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trawl could be located were those of a 'commercial trawl net' by Kyle (1903); Fig 3). It is the same

net outlined by Garstang (1905) and used in 1902-1903 surveys on the British research vessel, the

SS Huxley.

Unlike modern gear, this historical net included a type of non-return valve ahead of the cod-end,

intended to prevent fish from escaping once they were in the cod-end. It  consisted of a funnel

created by blind-ending pockets laced between the upper and lower surfaces of the net, as well as a

loose piece of netting that acted as a lid, called the 'flapper' (Fig 3; Kyle 1903; Garner 1956). The

flapper and pockets were present in beam trawls in the 19th century (Holdsworth 1874) and their

use continued decades into the era of otter trawling (Davis 1927; Garner 1956).

Figure 3. Trawl net plans from Kyle (1903).

A feature of the old nets that is still in use today, is the inclusion of an extra barrier on the underside

of the cod-end, to protect the netting from wear as it drags over the sea floor. These 'chafers' or
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'rubbers' historically consisted of overlapping sections of old net material (Holdsworth 1874; Kyle

1903). The loose pieces of chafer netting are visible in the photographs of the Pieter Faure cod-end

(Fig 4 and Appendix A). Also visible in the same pictures are the ropes that form the belly lines,

which are the seams along which the top and bottom halves of the trawl net are laced together

(Garner 1956). The photographs indicate these belly lines to be substantially thicker than the 16 mm

diameter suggested by Kyle  (1903; 2-inch circumference) and instead a 28 mm Manila rope was

laced into the net seam.

How much trawl technology might have evolved between the time that the Pieter Faure sailed with

her crew from Glasgow in 1897, and 1902/1903, when Kyle (1903) wrote his paper and the  SS

Huxley was fitted with the net specified in those plans (Garstang 1905), is unknown. The addition

of wings took place before this period  (Fulton 1901; Davis 1927). Other than that, the literature

does not record significant changes in net design prior to the 1920s introduction of Vigneron-Dahl

gear  (Hickling 1931). Kyle (1903) points out that the industry was in a learning phase and that

skippers were constantly innovating small improvements or adjustments. As such, trawl gear of

1902 could have included slight advancements over the net technology brought to South Africa in

1897, but the nature of such improvements are not documented.

Figure 4. A deck scene from the Pieter Faure, showing the full cod-end of the trawl. Mesh sizes and
twine thickness were estimated from this photograph.

Nonetheless, the net used on the Pieter Fauretrawl duration and charted tracks were available) were

used for the calculation of trawl speeds. I have added two sentences to the discussion of trawl

speeds summarising the above reasoning, stating that although we cannot account for or estimate
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the lack of accuracy of the historical chart tracks, we assume that any errors were likely randomly

distributed around the true track lengths and that the mean speed calculated from several tracks is

expected to provide an unbiased estimate of the true speed.

 must have been very similar to that described by Kyle (1903) and employed on the SS Huxley. The

reconstruction of the  Pieter Faure net will  therefore follow the plans provided by Kyle (1903),

adjusting specific components according to the details gleaned from photographs of, and on board,

the vessel. The dimensions of various components making up the trawl are discussed further below.

Net materials

In the United Kingdom (UK), the use of hemp (Cannabis sativa) twine to construct large trawl nets

was largely replaced by the use of Manila hemp (Musa textilis) during the latter parts of the 19th

century (Kyle 1903; Edwards 1909). Manila was in turn replaced with hardier synthetic twines in

the mid 20th century. Materials currently in common use to construct trawl nets in South Africa

include  polyethylene,  polyamide  (nylon),  polyester  and  mixtures  of  these  (Jacobsz,  personal

communication 2014).

Different  twines  will  frequently  result  in  different  selectivity  factors,  believed  to  be  due  to

properties such as the flexibility (Clark and Jensen 1963; McCracken 1963; Lowry and Robertson

1996) and the extensibility (elasticity) of the fibre used to construct the net (Clark and Fritz 1963;

von Brandt 1963). In addition, the specific gravity likely affects the behaviour (and therefore fishing

performance) of different net twines, as it will influence the buoyancy of the net panels, thereby the

shape of the net and its contact with the sea floor.

Beyond the twine material, its thickness also plays a significant role in the selectivity of a net (Sala

et al. 2007). Thicker twines have been shown to have a lower selectivity (retain more fish), likely as

a result of less flexibility allowing fewer fish to escape  (Lowry and Robertson 1996; Sala et al.

2007;  Graham  et  al.  2009).  The  twine  diameter  of  the  Pieter  Faure net  was  estimated  from

photographs, as reported in the Mesh section below.

As sufficient Manila rope was not locally available, some parts of the net had to be made from a

synthetic  alternative.  The back end of the net,  where most of the selectivity  is  expected to act

(Graham et al. 2009), was prioritised for manufacture from the obtainable Manila rope. The fore-

parts  of  the  net,  including  the  belly,  square  and  wings  were  instead  braided  from a  synthetic

polyethylene-polyester alternative. 

Unlike the remaining synthetic twines used in trawl nets, which have lower specific gravities in

water, polyester has the same as that of Manila (1.38; Appendix A). However polyester fibres are
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soft compared to the relatively stiff fibres of Manila. Polyethylene fibres produce a far stiffer rope,

similar to that of Manila, yet they have a low specific gravity (0.95) and float in water, unlike the

heavier  polyester  (and  Manila).  Therefore  polyethylene  and  polyester  were  combined  in  equal

proportions to produce a synthetic rope that was similar in its flexibility and specific gravity to

Manila.

In historical trawl construction, the Manila twines were treated with tar to reduce the ingress of

sediment, absorption of water and improve their lifespan (Kyle 1903; Davis 1927). The synthetic

ropes do not require tarring, however the addition of tar also affects the stiffness of the rope and the

specific gravity (as it  is lower than that of Manila). As such, the mixed synthetic rope and the

Manila were soaked in a bitumen solution (bitumen and petroleum solvent), in order to simulate the

effects of the historical tarring process.

Headline

Trawl headlines in Britain were predominantly made of Manila for several decades, starting in the

late 1800s (Cunningham 1896; Garner 1956). The diameter of ropes used was typically between 24

and 32 mm (3 and 4 inch circumference respectively; Cunningham 1896; Kyle 1903; Davis 1927;

Garner 1956).  The headlines were 'marled'  (connected) directly  to the square and wing meshes

(Kyle 1903; Davis 1927) as shown in Fig 5a, which is consistent with the parts of headline visible

in Fig 6. Using the scaled photograph (Fig 6), the Pieter Faure headline is estimated to be about 30

mm in diameter, although an accurate measure is precluded by the resolution of the image. Kyle

(1903) suggests that headlines varied between 24.3-28.3 mm (3 to 3.5 inches circumference), thus a

Manila rope of 28 mm diameter was chosen to make up the headline of the reconstructed net.

Figure  5. Drawings depicting the method of attachments between net meshes and a) the headline
(adapted from Kyle, 1903), and b) the ground-rope, via a bolsh line (Davis, 1927).
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Cunningham (1896) reports that Mr Scott's early otter trawls had a headline length of 22.9 m (75 ft).

As trawling and steam engine technology progressed, the size of trawl nets increased. Commercial

trawlers in Scotland were using headline lengths of up to 42.7 m by 1900 (140 ft; Fulton 1901), yet

shorter lengths of between 27.4 and 30.5 m were common well into the 20th century (Todd 1911;

Davis 1927).

Even though Gilchrist did not specify the headline length of the Pieter Faure net, he did appreciate

the importance of keeping the size of the trawl consistent for comparative purposes and stated that

the width of the mouth was 'about 80 feet' (24.4 m; Department of Agriculture 1899). Unfortunately

we do not know what assumptions he made when making this statement. The drawing included in

the  1898 report  (Fig  7)  suggests  that  he  was aware  that  the  headline  curved backwards  while

trawling.  At the time, however,  neither Gilchrist  nor his  colleagues (nor trawlermen) in Britain

appreciated how greatly the headline curved, reducing the width between the wings of a net. Only

after Fulton (1901) conducted experiments to answer this question, did scientists (and fishermen)

learn that the operational width of otter trawl nets was roughly half the width of the headline length.

Without this knowledge, Gilchrist certainly and unwittingly overestimated the width of his net.

Fulton (1901) reported that net-makers allowed for one-third of the headline length to form a curve

between doors.  If  Gilchrist  based his estimate of a 24.4 m mouth width in 1898, on the same

knowledge that the net-makers of Scotland had in 1901, it would imply a 36.6 m (120 ft) headline,

which serves as an upper bound to what the size of the trawl might have been. Assuming that

Gilchrist expected a reduction between headline length and mouth width of at least 10%, a lower

bound estimate of the headline is 26.8 m. Based on the above reasoning I am confident that the

headline length of the Pieter Faure trawl was between 26.8 and 36.6 m (88 and 120 ft respectively).
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Figure  6. Photograph of the Pieter Faure steaming out of Table Bay in Cape Town. The date is
unknown, however some of the crew visible can be matched to another photograph (Fig.  8) that
includes John Gilchrist on deck, suggesting that this suite of photographs was taken between 1897
and 1906. DAFF Communications Archive Photo Library.

Figure 7. Drawing of the Pieter Faure towing its trawl gear (Department of Agriculture, 1899).
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The sizes of nets used by steam trawlers generally grew with the power output of the vessels, as

greater power allowed the towing of larger and heavier gear  (Fulton 1901; Edwards 1909). As a

result, it is informative to investigate the net sizes used on vessels of similar size and engine power

as the Pieter Faure. Unfortunately net details are not available for many vessels from the same era.

The SS Huxley was a similar size to the Pieter Faure (115.7 ft and 206 gross tons versus 115 ft and

176 gross tons respectively) and both had a similar-sized triple-expansion steam engine (52 nominal

Hp versus 50 nominal Hp respectively). The otter trawl used on the Huxley in 1902/1903 was like

that described by Kyle (1903) and had a headline that was 90 ft (27.4 m) long (Garstang 1905).

In  1914,  the  Australian  Fisheries  Inquiry  Officer  ordered  three  new  'deep  sea  trawlers'  from

Middlesbrough-on-Tees in the UK (Jacobsen 2010). Two of these vessels (the SS Koraaga and SS

Gunundaal) were sister ships and were the same length as the Pieter Faure, but had a heavier gross

tonnage of 220 tons. They also had triple-expansion steam engines, the size or power of which does

not seem to be recorded, although they would certainly have been as, or more, powerful than those

fitted to the Pieter Faure almost 20 years before. The otter trawls on these two vessels had headline

lengths of 90 ft (Jacobsen 2010). The fact that slightly larger (and stronger) vessels used otter trawls

with a headline length of 90 ft (27.4 m), provides compelling weight to the argument that the Pieter

Faure would not have been using a net (much) larger than this.

The longer headlines reported by Fulton  (1901) were likely fished from vessels bigger and more

powerful than the Pieter Faure. Larger steam trawlers were already in use by 1895: M’Intosh (1895)

reported  that  modern  steam trawlers  in  Scotland  at  that  time were  up  to  36.6  m 'between  the

perpendiculars', which implies a total length notably greater than the 30.1-m Pieter Faure built two

years later. He also mentions that the engine sizes ranged up to 65 nominal Hp, whereas that of the

Pieter Faure was 50 nominal Hp.

For the reconstruction of the trawl gear, the Pieter Faure headline is assumed to have been a Manila

rope of 27.4 m (90 ft) length and 28 mm diameter. The sensitivity of the comparative results, which

use net-width in the swept-area standardisation of catches, will be investigated using a headline

range of 26.8-36.6 m (88-120 ft).

Ground-rope

The ground-rope used on the Pieter Faure is partly visible on the photograph of the vessel (Fig 6).

As might be expected from the fact that Gilchrist targeted soft trawl grounds throughout the Pieter

Faure surveys, the ground-rope did not include bobbins or chains that were experimented with on

hard grounds in the UK (M’Intosh 1895). The standard ground-rope consisted of old wire warp, 16

to 24 mm in diameter (2.5 to 3 inch circumference), covered with old netting material and then
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rounded with a Manila rope to a diameter of 81 to 97 mm (circumference of 10 to 12 inches; Kyle

1903; Davis 1927). This description is consistent with the ground-rope visible on the picture of the

Pieter Faure, the diameter of which is estimated to be about 100 mm from the photograph (Fig 6).

Frequently the ground-rope was made of three sections, a bosom of about 6.1 m (20 ft) in the

middle and a wing section either side (Kyle 1903; Davis 1927). The ends of the ground-rope on the

Pieter  Faure look identical  to  the more  central  parts  visible  in  the photo  (Fig  6),  suggesting a

uniform ground-rope throughout.

The method of attachment between ground-rope and net (belly and wings) followed on from the

traditions of beam trawls. A bolsh-line was used to connect the meshes of the net to the foot-rope, as

in  Fig  5b  (Kyle  1903;  Davis  1927).  The  larger  gaps  between  the  bolsh-line  and  ground-rope

(compared to the net mesh) are clearly visible in the shadow cast on the side of the vessel in Fig 6.

Although Gilchrist did not specify the length of the ground-rope, a commonly used commercial

trawl at the turn of the century and early 1900s was one with a 27.4 m (90 ft) headline and a 38.1 m

(125 ft) ground-rope (Kyle 1903; Garstang 1905; Davis 1927). Ground-ropes of 36.6 m (120 ft) or

slightly longer seem to have been common even with earlier and smaller (width) beam (M’Intosh

1895) and otter trawls (Cunningham 1896). 

As per the trawl plan by Kyle (1903), a 38.1 m (125 ft) ground-rope was constructed, using a 20

mm fibre-core cable, rounded with 10 mm diameter tarred Manila rope (in place of old Manila

netting) and then served with a 28 mm Manila rope. The result was a ~96 mm diameter ground-rope

that should be very similar to those used historically on soft grounds.

Mesh size

Alward  (1932) reports that fishermen had historically braided nets at sea, using finger-widths to

measure the meshes, starting with two fingers at the cod-end, increasing to three, four and five

fingers towards the mouth of the net. When nets were later made ashore, often by women who had

smaller fingers, standard wooden gauges known as 'spools' were introduced to standardise mesh

sizes  (Alward 1932). There has been some variation in the way different authors (and fishermen)

have referred to mesh sizes, causing potential confusion. The modern convention (in South Africa

and many other countries)  is  to describe the length between opposite  knots of a  longitudinally

stretched mesh. Because it is of importance to fisheries regulations, this measure usually applies to

the distance within the mesh, excluding the knots. At the turn of the 20th century, mesh regulations

were generally not a concern and meshes were measured between the centres of knots. There was

variability,  however,  in  the  number  of  sides  included  in  the  measurement  (Davis  1927).  For

example, a '4-inch mesh' could refer to one that was four inches between opposite knots when fully
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stretched longitudinally (similar to today's convention), or it could imply a mesh of which a single

side was four inches (thus eight inches stretched longitudinally), or less frequently, it could even

refer to the circumference of a mesh where each side between adjacent knots measured one inch.

Fortunately some authors specified which measure they were using, by calling it 3-inch 'bar' for

example (Davis 1927), or '3-inch square' (Holt 1895), both of which specify that the length referred

to one side between adjacent knots.

Where quoted measurements can be interpreted with certainty in the historical literature, the most

commonly  referenced  cod-end  mesh  size  used  in  both  beam  and  otter  trawls  of  the  United

Kingdom, seems to be 76 mm (3 inches or 1.5 inches “bar”; Holdsworth 1874; Heape 1887; Holt

1895; M’Intosh 1895; Kyle 1903; Aflalo 1904; Davis 1927; Alward 1932; March 1953). There is

however, some variability around this figure: Alward (1932) suggests that cod-end meshes varied

between 76 and 127 mm (1.5 and 2.5 inches 'bar'), whereas Holt (1895) mentions that some cod-end

meshes could be as small as 38 mm (0.75 inch 'bar'). Fulton (1901) reported that some cod-ends had

meshes of 64 mm (1.25 inch 'bar') and in reference to the period of 1906-1908, Todd (1911) claims

that cod-end meshes were about 70 mm (a knot-to-knot length of 35 mm).

Photographs of the Pieter Faure cod-end exist, from which an estimate of the mesh size was made

(Fig 4). The mean length between adjacent knots was estimated to be 48 mm (± 0.6 mm SE), which

implies a ~96 mm 'stretched' mesh between opposing knots. The diameter of the twine estimated

from  the  same  scaled  photograph  was  6  mm.  As  the  exact  location  of  men  standing  in  the

photograph  (relative  to  the  surface  of  the  net)  and  their  true  height  is  not  known,  a  level  of

unquantified  uncertainty  remains  around  the  scaling  of  the  photograph  and  these  estimates.

Nonetheless the historical photographs provide valuable evidence to ensure that gear dimensions are

within a close degree to those originally used on the Pieter Faure.  

The image in Fig  4 also suggests that the cod-end meshes were made from a single twine, even

though some authors report that cod-ends were frequently braided with double twine (Kyle 1903;

Todd 1911; Davis 1927; Garner 1956). Based on the evidence from the plan by Kyle (1903) and the

photograph in Fig  4, a 6 mm single (Manila) rope was used for the cod-end and extension piece

ahead  of  it.  A 5-mm  single  (synthetic)  rope  was  used  for  belly  number  2  and  4-mm  single

(synthetic) rope was used in the remaining parts of the net. The mesh sizes were braided as 100 mm

between opposing knots for the cod-end and extension piece, whereas the remainder of the net was

made of 150 mm stretched meshes, to imitate the plan by Kyle (1903).
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Otter boards

The otter boards used historically were flat, rectangular wooden boards, attached to a heavy metal

'shoe' or brace. The initial patented doors introduced by Mr Scott measured 3.66 by 1.52 m (12 by 5

ft) according to M’Intosh (1895) or 3.05 by 1.37 m (10 by 4.5 ft) according to Cunningham (1896),

consisted of heavy timber framed with steel and had a ring extending from the back end to which

both headline and foot-rope were connected (Fig  2). Also part of the patent were stout triangular

metal brackets to which the trawl warps were shackled (Fig  2). Similar designs that avoided the

patented parts quickly developed as the concept of otter trawling spread rapidly across the UK,

supported by enhanced catches compared to those of beam trawling (Fulton 1901). The triangular

brackets persisted, although some fishermen used a set of four chains attached closer to the corners

of the trawl doors to avoid Scott's patent (Cunningham 1896; Kyle 1903). The ring at the back of

the board was soon discarded and instead the headline and ground-rope were shackled separately to

the back edge of the board (Kyle 1903; Gibbs 1922).

The dimensions and weights of otter doors documented by authors during the period relevant to this

investigation are listed in Table 1. The sizes of boards varied substantially, though this is perhaps

not surprising as the board size had to be matched to the vessel power and net size (Jenkins 1920;

Graham 1956). Fortunately the otter boards used on the Pieter Faure are clearly visible in Fig 6 and

their dimensions can be estimated by scaling the photograph to the known length of the ship. By

doing so, the otter boards were estimated to have a length, height and thickness of 2.42, 1.48 and

0.07 m respectively.

Table  1. Dimensions and weights of otter trawl doors as reported in historical literature from the
period relevant to the Pieter Faure era.

Kyle (1903) reports that there were “three transverse iron bars running across the otherwise smooth

front face and bolted through to similar bars on the back” in reference to the trawl doors which

employed the patent triangle brackets. He also mentions that the designs using a chain setup instead
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Length (m) Height (m) Thickness (cm) Weight (kg) Period Reference
3.05 1.37 1894 Cunningham (1896)
1.83-2.43 1.22 1895/1896 Cunningham (1896)
3.66 1.524 1895 M'Intosh (1895)
3.05-3.20 1.22-1.37 1901 Fulton (1901)
2.74-3.05 1.35-1.37 10.2-12.7 457 1900s Kyle (1903)
3.05 1.52 7.6-10.2 1900s Aflalo (1904)
2.44 1.3 6.4 1902 Garstang (1905)
2.44-3.05 1.22-1.52 363-454 1900s Edwards (1909)
2.44-3.05 1.22-1.52 363-454 1910s Jenkins (1920)
3.35 1.37 762 1920 Gibbs (1922)



of the solid brackets, frequently had two long iron bars placed diagonally across the board. The

available photograph (Fig 6) shows three transverse bars on the Pieter Faure doors, indicating that

they used the patent triangle brackets. Also visible on this photo is confirmation that the headline

and ground-rope were shackled separately to the hind edge of the trawl doors.

The angle of attack (between the line of forward motion and the vertical plane of the board) is an

important setting for the effectiveness and efficiency of otter doors (Garner 1956; FAO 1974). The

point of attachment to the triangular brackets (which influences the angle of attack) is reported to

have been about one-third of the length of the board from its front edge (Kyle 1903; Jenkins 1920).

The historical angle of attack is  quoted to be about 20 degrees  (Edwards 1909; Jenkins 1920),

although it  seems the  latter  author  was reproducing information  from the  former.  More recent

literature suggests that the angle of attack used with rectangular flat otter boards is between 35 and

50 degrees, even though the maximum spreading force for such boards is estimated to be at angles

less than 30 degrees and their maximum efficiency at even lower angles (FAO 1974; Patterson and

Watts 1986).

Flat otter boards were built, taking the above dimensions, angles and weight into account. Imperfect

knowledge of the trawl doors on the Pieter Faure, together with the limits of modern components,

materials and labour costs, meant that doors were built to be of similar dimensions, weight and

functionality compared to the doors visible on the Pieter Faure (Fig 6), yet did not seek to replicate

the doors in their materials and structure. Adjustable triangular brackets were created, which will

allow modifications of both the angle of attack and the heel angle of the otter boards, should these

be found necessary during gear trials. Drawings of the trawl doors that were built for the repeat

surveys are shown provided in Appendix B.

Warps

The trawl warps used on the Pieter Faure (and elsewhere) in the late 19th and early 20th century

were steel cables similar to fibre-core cables employed today. The cables are captured in photos

taken on the deck of the vessel (Fig 8) and are estimated to have a diameter of 17-18 mm, which is

close to the thickness of 18.2 mm (2.25 inch circumference) recorded by Cunningham (1896). The

diameter of steel warps typically used on current inshore trawlers in South Africa vary between

about 14 and 22 mm thick (Less, personal communication 2014). One might expect trawl warps

made of different material, or with a drastically different diameter, to behave differently in water

(and  thereby  influence  the  action  of  the  trawl;  Crewe  1964).  However  slight  differences  in

properties between the wire cables of a century ago and those used now is not expected to have a

discernible influence on the shape or efficiency of the trawl.
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Figure  8. Deck scene on the Pieter Faure, showing John Gilchrist (front right) and crew taking a
break while the trawl is under tow. DAFF Communications Archive Photo Library.

Operation of historical side-trawls

The salient points of shooting and hauling the trawl on a steam-powered side trawler, such as the

Pieter  Faure,  are  briefly  described  below.  Edwards  (1909),  Davis  (1927) and  Graham  (1956)

provide greater detail on these gear operations and are the sources from which the below description

was gathered. The navigational and fishing operations were completed without any of the electronic

devices in use today, but steam-driven winches were employed. The entire process took place off

the side of the trawler rather than the stern as in most modern vessels.

Once a decision had been made to shoot the trawl, the ship was brought to a standstill with the trawl

doors facing into the wind, so that once the net was released into the water, the vessel would drift

away from it. The doors were put over the side and lowered several metres below the surface. Next

the net was thrown into the water, first the cod-end, followed by the rest of the net. The ground-rope

was put over the side and lastly the headline was released. If the net and boards looked like they

were clear and correctly aligned, the engines would be put full speed ahead with the vessel turning

in a wide circle towards the side that the trawl was shot (to keep the net clear of the propeller). As

the ship picked up speed, the warps were paid out at a rate that kept sufficient tension to spread the

trawl doors and avoid fouling the net. Once the correct amount of warp was paid out, the vessel

slowed to its towing speed (2-3 knots). The fore (front) warp was pulled in towards the aft (back)
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warp and side of the vessel, using a messenger wire and winch, where they were both locked into a

towing block. In Fig 8, the two warps are locked into the towing block and can be seen leaving the

side of the vessel. Markers on the warps are also visible in the picture, which were spaced at set

intervals to help ensure that the lengths of warps could easily be aligned.

As with shooting the trawl, the net had to be hauled on the windward side of the vessel. The towing

block was knocked open, which released the fore warp. The engine was set to 'dead slow' and the

pull on the fore warp turned the vessel side-on to the trailing trawl net. The warps were then wound

up by the winch until the trawl doors arrived at the 'gallows', where they were secured. The quarter

ropes (ropes on the outside of the net that connected the middle of the ground-rope to the trawl

doors) were loosened from the doors and passed to a winch, which brought in the ground-rope.

Once the ground-rope was on board, the remainder of the net was pulled in over the side by hand,

until the cod-end was reached. A special rope, called a becket, would be looped around the cod-end,

and lifted by winch power to heave the cod-end over the side and suspend it above the deck, before

it was untied to release the catch.

The historical trawls were typically of multiple (usually 2-4) hours duration  (e.g. Department of

Agriculture 1904). They could be towed along a straight course if the fishing grounds were known

to be clear. In un-chartered grounds, the vessel often towed in a circle or curve, trying to remain

near points that had been sounded beforehand and found to consist of soft ground.

Trawlermen historically let out their warps to roughly three times the depth of water, though this

ratio was increased in shallower waters and could be less in deeper waters  (Gibbs 1922; Davis

1927). This is the same approach used by current trawl skippers (Less, personal communication

2014).

Conclusion

The  compilation  of  information  gleaned  from  different  historical  sources,  including  literature,

photographs, maps and government reports, demonstrates the feasibility of imitating the trawl gear

and trawling methods that were used on the  Pieter Faure over a century ago. In addition to these

sources, significant input was received via personal communication with individuals working in the

trawl and associated industries,  underlining the benefits  of stakeholder  involvement in fisheries

research. From the evidence and reasoning presented in this chapter, the component details and

plans for a complete trawl net and trawl doors are summarised in Appendix B.

Not  all  details  of  the  historical  gear  could  be  resolved.  Some uncertainties  remain  and certain

assumptions are necessary. The headline length of the net and the trawling speed of the vessel are
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considered  amongst  the  most  important  factors  in  the  standardisation  of  historical  catches  and

swept-area analyses will  need to consider uncertainty in their  values. Plausible bounds of these

variables  have  been  identified  in  the  relevant  sections  above,  and  their  effect  on  swept-area

standardized catch rates can be calculated. If the assumed scenario of a 27.4 m headline length and

a trawling speed of 2.62 knots is compared to the outer bounds identified for these variables, the

standardised historical catches might have been at most 37% less to 25% more than their assumed

level. Despite such uncertainties, the effort to replicate the trawl gear in repeat surveys is expected

to attain catches far closer to the true historical fishing power than attempts to adjust modern trawl

survey data that were gathered with notably different trawl gear and speeds.

Besides guiding the construction of trawl gear to be used in the re-surveys reported on in Chapters 3

and 4, this research provides a foundation for further studies aimed at investigating historical trawl

records and the catching power of historical vessels. Notably, similar trawling equipment was used

widely during the first quarter of the 20th century, including on board survey vessels in the UK (SS

Huxley; Garstang 1905), the USA (SS Albatross; Alexander et al. 1915; Smith 1921), Norway (SS

Michael Sars; Hjort 1914), Netherlands (SS Wodan; Anon 1908; ter Hofstede and Rijnsdorp 2011)

and Australia  (SS Thetis, FIS Endeavour; Department of Trade and Customs 1909), making this

research relevant in a global context.
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Appendix A: Supplemental tables and figures

Table A1. Properties of twines that have commonly been used in the construction of trawl nets.
Modified from Hanes Supply 2013 (www.hanessupply.com/content/Technical%20Bulletins.asp).
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Property Manila Sisal Cotton Nylon Polyester Polyethylene

5-6.0 4-50 2-3.0 7.8-10.4 7.0-9.5 6

poor poor poor excellent very good fair

Specific gravity 1.38 1.38 1.54 1.14 1.38 0.95

10-12% 10-12% 5-12% 15-28% 12-15% 20-24%

very low very low very low moderate low high

up to 100% up to 100% up to 100% 2-8% <1.0% none

poor very poor very poor excellent excellent excellent

good fair poor very good excellent fair

good good good excellent excellent good

Breaking tenacity, 
dry (grams/denier) 

Shock-load  
absorption ability

Elongation 
percentage at break

Creep (extension 
under sustained load)

Water absorption of 
fibers

Resistance to rot, 
mildew

Surface abrasion 
resistance

Internal abrasion 
resistance



Figure A1. Example of a map of Mossel Bay, from which a trawl track distance was measured after
it was geo-referenced with GIS software. The map was digitised from the 1898 government report
(Department of Agriculture, 1899). 'Tr' indicates active trawling, 'R' steaming and circles represent
start/end points of trawls.

Figure A2. A second photograph taken of the Pieter Faure cod-end. The 'rubbers' and 'belly lines' are
clearly visible.
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Appendix B: Plans of trawl net and doors

Table B1. Components of the trawl doors depicted in Fig B2. Components a-u are mild steel, with
an assumed density of 7 800 kg·m-3. The wooden boards (v) are made of a rot-resistant hard wood,
with an approximate density of 900 kg·m-3. The overall board dimensions are 2 700 x 1 400 x 51
mm.
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Component parts Quantity

Triangular shackles
a Large triangular shackle 1 12.22 3.1% 25
b Small triangular shackle (2 pieces) 1 12.57 3.2% 25
c Plates for small triangle 5 6.89 1.8% 8
d Bolts for small triangle 4 0.39 0.1% 15
e Tubes holding triangles (45.5 mm) 4 4.34 1.1% 5
f Tubes locking mechanism (50 mm) 4 0.96 0.2% 4
g Bolts locking mechanism 4 0.17 0.0% 15
h Lugs anchoring triangles 8 15.78 4.0% 10

Central piece with U-shackle
I Plates 2 5.86 1.5% 3
j Square tubes (50.8) 2 4.28 1.1% 3
k Bolts 6 0.88 0.2% 20
l U-bolt 1 1.27 0.3% 20

Frame
m U-tube (51 x 57 mm) 1 34.81 8.9% 6
n Top square plate (55 x 60 mm) 1 14.53 3.7% 6
o Square tubes (50.8 mm) 6 72.27 18.5% 3

Shoe
p Shoe upper curved plate (80 mm) 1 37.71 9.7% 20
q Shoe lower (80 mm) 1 24.21 6.2% 20
r Wear plate - inner lower surface 1 12.97 3.3% 3

Net attachment point
s Plates (50 mm) 4 2.57 0.7% 10
t Tubes inside door frame (25 mm) 2 0.28 0.1% 4
u Bolts 4 1.27 0.3% 24

Wooden boards
v Wood (50 mm) 4.6 123.68 31.7% 50

TOTAL 389.92 100.0%

Total 
weight 

(kg)

Percentage 
weight of 

total

Thickness/
Diameter 

(mm)



Figure B1. Plan of a trawl net to imitate that used on the Pieter Faure. Lower wings are drawn only
on right-hand side. Mesh numbers of individual panels are listed as 'front-width to back-width by
depth'. Stretched mesh sizes are indicated in mm. cod-end and extension piece are made of 6 mm
single rope, the remaining net panels of 4 mm single rope.

Figure B2. Plan of trawl doors to imitate those used on the Pieter Faure. Brown colour indicates
hard wood beams (50 mm), white frame and brackets are made of mild steel.
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Chapter 3: Comparison of demersal fish assemblages on the inshore

Agulhas Bank between 1903/1904 and 2015

Abstract

Long-term change in the demersal fish assemblage of South Africa's inshore Agulhas Bank was

investigated by repeating historical trawl surveys first conducted in the early 20th century. Three

sites surveyed in 1903/1904 were revisited in 2015, using replicated gear and methods employed

111 years prior.  Patterns in  the assemblage were explored with unconstrained ordination,  while

differences between periods were assessed with permutational multivariate analysis  of variance,

permutational tests of the homogeneity of multivariate group dispersions and similarity percentage

analyses.  Species  accumulation  curves  and  diversity  measures  were  also  examined.  Striking

changes  in  the  assemblage  composition  occurred  between  the  historical  and  re-survey periods,

explaining nearly half of the variance among samples and estimated to be >80% dissimilar. The

historical  catch  assemblage  was  dominated  by  kob  (Argyrosomus  spp.),  panga  (Pterogymnus

laniarius) and east coast sole (Austroglossus pectoralis), jointly contributing 70-84% of historical

catches.  The  same  taxa  contributed  a  minor  component  (1.5-5.5%)  of  re-survey  assemblages.

Instead  recent  catches  were  largely  made  up  of  gurnards  (Chelidonichthys  spp.),  Cape  horse

mackerel (Trachurus capensis), spiny dogfish (Squalus  spp.) and shallow-water hake (Merluccius

capensis).  The repeat survey assemblages were characterised by taxa that prefer unconsolidated

benthic  sediments,  whereas  historical  assemblages  included substantial  proportions  of  taxa  that

associate with reef habitats. Over a century of trawling activity is expected to have altered benthic

habitats, likely contributing to the local decline of taxa associated with structure-forming biota and

reef-like habitat. Improved management and rebuilding depleted inshore populations will require

protection against impacts from multiple fishing sectors, shipping, pollution and climate change,

amongst others. Spatial protection, including a representative set of no-take marine protected areas,

is  a  proposed management  measure  that  could  provide  reference  areas  for  research,  safeguard

critical habitats and contribute towards resilient demersal assemblages.

40



Introduction

Effective  policy  advice  on  the management  of  biodiversity,  fisheries  and  the  ecosystems  that

support  them  requires  information  about  the  scale  and  drivers  of  past  changes  in  our  ocean

environment  (Schwerdtner  Máñez  et  al.  2014;  Engelhard  et  al.  2016).  Without  knowledge  of

historical  changes  and baseline reference points,  recently observed changes  within a  fishery or

ecosystem may have little context for interpretation (Thurstan et al. 2010), which hampers informed

decision making. 

We know that  anthropogenic  impacts  such  as  fishing  and  climate  change  have  altered  marine

ecosystems (Christensen 1998; Jackson et al. 2001; Genner et al. 2004; Beare et al. 2004; Ward and

Myers 2005; Lotze et al. 2006; Stobutzki et al. 2006; Dulvy et al. 2008; Brander 2010; Cheung et al.

2013). Most of our knowledge of these systems is based on research and monitoring efforts that

initiated long after such impacts started altering them  (Lotze and Worm 2009).  In South Africa,

some of the most intense trawl fishing pressures developed in the late 1950s, 1960s and 1970s

(Griffiths et al. 2004; Sink et al. 2012b; Chapter 1). Yet investigations into periods prior to modern

time-series of research survey (1983 to present), commercial catch (1978 to present) and fishery

observer (1995 to present) data, are hampered by patchy, discontinuous and incomplete records.

Therefore knowledge of pre-disturbed ecosystems and the reference points that describe them are

lacking, both in South Africa and across the globe. Strengthening historical baselines is a research

priority in South Africa (Sink et al. 2012a) and is considered vital to effective management of ocean

spaces.

Assessing ecological  change in  multispecies  samples  of  'community data'  has received a  lot  of

attention since Field et al. (1982) proposed a simple yet effective framework to do so. Their strategy

reduced the complexity of quantities for many species at multiple locations into a similarity matrix

among samples. The similarity matrix could be displayed graphically in a number of ways for easy

interpretation of patterns and used in statistical tests to gauge group structure and/or relate samples

to measures of environment or impact  (Field et al. 1982; Warwick and Clarke 1991; Clarke and

Ainsworth  1993).  The  similarity  matrix  approach  has  remained  central  to  many  multivariate

approaches, including methods that allow more rigorous hypothesis testing and the effects of factors

to be quantified (Anderson 2001). One of the main advantages of such multivariate analyses is their

ability to simplify the complexity of community data into measures that can easily be explored for

informative patterns or compared to putative causal factors.
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Valuable  insight  has  been  gained  from  studies  investigating  assemblage  changes  in  long-term

comparisons of demersal catches. Periods of warmer water favour greater abundances of certain

taxa,  specifically  smaller,  faster-growing  species  (Genner  et  al.  2004,  2010;  ter  Hofstede  and

Rijnsdorp 2011).  Investigating demersal assemblage changes in the North Sea,  Engelhard et  al.

(2011a) concluded that both climatic signals and fishing impacts had resulted in observed patterns,

which included higher abundances of warm-water, smaller, lower-trophic-level taxa and declines of

mostly larger, cooler-water, higher-trophic-level species.

Fishing impacts are commonly blamed for decreased abundances observed in demersal populations

or assemblages (Silvestre et al. 1986; Rijnsdorp et al. 1996; Jackson et al. 2001; Kongprom et al.

2003; Ferretti et al. 2013), as well as declines in larger species or larger sizes within a population

(Rijnsdorp  et  al.  1996;  Greenstreet  et  al.  1999;  Rogers  and  Ellis  2000;  Genner  et  al.  2010).

Decreased diversity and greater species dominance in  trawl-caught assemblages have also been

attributed to the effects of fishing (Greenstreet and Hall 1996; Rijnsdorp et al. 1996; Greenstreet et

al. 1999). Greenstreet et al. (1999) showed that areas exposed to the heaviest fishing effort had

more  pronounced  diversity  decreases  and  that  catch  composition  changes  were  more  apparent

among species that were favoured fishing targets. Heath and Speirs (2012) had the opportunity to

investigate impacts on the demersal community following the resumption of trawling activity after

it had been banned for 73 years from the Firth of Clyde in Scotland. They documented substantial

change  in  the  demersal  assemblage  in  the  decades  that  followed  the  resumption  of  trawling,

including reduced evenness, notable reductions in fish sizes and the concentration of biomass in

small-sized fish, specifically whiting (Merlangius merlangus).

Change in South African demersal communities

Investigations  of  demersal  species  composition  changes  in  South  Africa  have  focused

predominantly on recent decades. On the west coast, Atkinson et al. (2011b) assessed the demersal

fish community composition from trawl surveys conducted between 1986 and 2009. Their findings

suggested two temporal shifts in the community assemblage, in 1992-1993 and in the mid-2000s,

although  the  latter  might  have  been  influenced  by  changes  in  gear.  Fishing  pressure  was  the

suggested cause of an observed decrease in two larger, slow-growing species and increased catches

of  three  faster-growing,  early-maturing  taxa,  although  climate  impacts  could  not  be  ruled  out

(Atkinson et al. 2011b). Investigating regime shifts in demersal survey data off the west coasts of

South Africa, Namibia and Angola, Kirkman et al. (2015) identified a shift in the South African data

in 1994, as  well  as weaker  changes  in  1988 and 2006. As the latter  two events coincide with
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previous  observations  of  change  in  the  surrounding  ecosystems,  they  concluded  that  regional

environmental forcing may have been responsible.

Diversity  measures  and  evenness  of  the  Agulhas  Bank  demersal  community  appear  to  have

increased over the period of 1986 to 2003 (Yemane et al. 2010), even though abundance-biomass-

comparison curves indicated increasing disturbance during the same period  (Yemane et al. 2005).

The notion of increased stress experienced by the demersal community was supported by analysis

of size-based indicators  (Yemane et al. 2008). As trawl effort had declined over that time period,

explanations proposed for the apparent increase in disturbance included the initiation of longline

fisheries and cumulative, long-term trawling impacts on benthic habitats.

Several  trawl-caught  species  are  also  targeted  by  South Africa's  line  fisheries.  Griffiths  (2000)

showed substantial changes in the composition of line catches from similar reef sites sampled on the

Agulhas Bank in 1931-1933 and 1987-1993. Several investigations of line-fish catches during the

20th century documented collapses and alarming depletion of species that made up substantial parts

of historical catches  (Penney et al. 1989, 1999; Van der Elst 1989; Attwood and Farquhar 1999;

Griffiths 2000). Such evidence contributed towards the government's decision to declare the line

fish resource in a State of Emergency in 2000, leading to substantial curtailment of commercial line

fishing effort (Blamey et al. 2015).

To investigate long-term changes in the trawl assemblage, (Mussgnug 2013) combined a variety of

datasets from historical (1898-1904; 1922-1948) and recent (1985-2010) trawl surveys and a recent

scientific observer program (2003-2006). Contrasts between 1898-1933 and 1985-2010 suggested

decreased  abundances  for  several  taxa,  including  panga  (Pterogymnus  laniarius),  silver  kob

(Argyrosomus inodorus), east coast sole (Austroglossus capensis), carpenter seabream (Argyrozona

argyrozona),  baardman  (Umbrina  canariensis),  white  stumpnose  (Rhabdosargus  globiceps)  and

most elasmobranchs. Increased contributions to the catch composition were reported for Cape horse

mackerel  (Trachurus  capensis),  shallow-water  hake  (Merluccius  capensis)  and  gurnards

(Chelidonichthys  spp.).  Mussgnug  (2013)  concluded  that  small,  fast-growing  generalists  had

withstood expanding fishing pressure better than large, slow-growing, low-fecundity taxa, although

exceptions to this pattern were noted.

Repeat surveys and standardisation of fishing gear

As introduced in Chapter 2, the construction (design materials) and methods (including speed) used

in trawling operations influence the fishing performance,  specifically the selectivity of different

species in relation to their size, shape and behaviour (Engås and Godø 1986; Dealteris et al. 1989;

Johnson et al. 2008). As a result, it is important to standardise trawl gear and methods in research
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surveys. When data from different gears are combined, estimation of species-specific selectivity

factors may be required for reliable comparisons  (Sparre and Venema 1998). Studies contrasting

trawl records from different periods generally have to grapple with this potential bias of varying

(yet unquantified) selectivity among different gear technologies (Rijnsdorp et al. 1996; Greenstreet

et al. 1999; Rogers and Ellis 2000; Mussgnug 2013), which limits confidence in those results. The

literature contains relatively few examples of studies that set out to repeat historical trawl surveys

and thus had the opportunity to select (or construct) trawl gear to match that used previously.

McHugh et al. (2011) selected two sites off the south-east coast of England that had been surveyed

during 1913-1922 and repeated trawl surveys in 2008-2009. They used an otter trawl net of the

same  size  and  similar  mesh  to  that  of  the  historical  gear.  Contrasting  the  two  periods,  they

documented substantial changes in the assemblage, predominantly in elasmobranch species, which

included dramatic declines and an apparent extirpation of angel shark (Squatina squatina).

Employing data from 1964 trawl surveys conducted before initiation of a prawn trawl fishery in the

Gulf  of  Carpentaria,  Australia,  Harris  and  Poiner  (1991) compared  the  fish  assemblage  with

1985/1986 repeat surveys that used the same fishing gear. They documented substantial change in

the fish assemblage. Of the 82 taxa analysed, 18 had decreased in abundance and 12 had increased

significantly. Fishing pressure from the prawn trawlers was considered the likely cause of these

changes although environmental variability due to river input and sediment changes also might have

had an influence (Harris and Poiner 1991).

Andrew et  al.  (1997) and Graham et  al.  (2001) report  on  a  1996/1997 re-survey of  the  upper

continental  slope  trawl  grounds  off  New  South  Wales  in  Australia,  20  years  after  they  were

surveyed using the same vessel and similar gear during early commercial exploitation. Although

they did not focus on the assemblage structure, the authors did show that catch rates of both targeted

and non-targeted species decreased substantially between survey periods and concluded that fishing

pressure was likely responsible for the decline of several taxa. Beyond the use of recent-era DAFF

trawl  surveys  (1980s  to  present),  which  provide  a  valuable  sequence  of  research  survey  data

collected  with  similar  gear,  no  South  African  studies  have  attempted  to  repeat  historical  trawl

surveys from before this period.

Unique pre-exploitation data from South Africa

Development of a South African trawl industry was prompted by impressive catch records from the

government-led  exploration  of  trawl  grounds  between  1897  and  1906  (Chapter  1).  The  recent

digitisation of detailed survey records from those early research efforts provide an unprecedented

view of the demersal ecosystem at a time when human pressures on those grounds are considered to
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have  been  negligible.  Knowledge  of  long-term  demersal  change  stems  predominantly  from

investigations reliant on historical data collected after substantial human impacts, as trawl surveys

conducted prior to significant exploitation pressures are rare globally (but see Silvestre et al. 1986;

Harris and Poiner 1991; Andrew et al.  1997; Graham et al.  2001; Klaer 2001; Kongprom et al.

2003;  Chapter  1).  The  early  South  African  trawl  survey  data  therefore  provide  a  valuable

opportunity to investigate baselines and subsequent changes from a minimally-disturbed temperate

demersal ecosystem.

Despite  their  qualitative  value,  quantitative  contrasts  between  the  historical  records  and  more

modern survey data are difficult due to the substantial changes in trawling technology over time

(Rijnsdorp et al. 1996; Rogers and Ellis 2000; Mussgnug 2013). This challenge was addressed by

repeating trawl surveys conducted by the Pieter Faure survey vessel more than a century previously.

The same sites were revisited with reconstructed trawl gear and methods that imitated the fishing

power of historical surveys (Chapter 2). The aim was to quantify and describe long-term changes in

the assemblage composition of trawl-caught fish on the inshore Agulhas Bank between 1903/1904

and 2015. Changes in fish composition were investigated and key taxa driving such changes were

identified. The ecology of these taxa was examined to reveal potential anthropogenic drivers of

change. Besides detection and description of long-term change, this experiment provided a measure

of the current state of demersal communities compared to their near-pristine benchmark. Results

strengthen historical baselines and offer insights for improved management of demersal ecosystems.

Methods

Selection of data and re-survey sites

Three  sites  were  identified  as  suitable  for  repeat  surveys,  named  here  as  Cape  Infanta  (Cape

Infanta), Mossel Bay (Mossel Bay) and Bird Island (Bird Island; west to east). They were chosen

from the historical survey data as spatial aggregations of trawl samples outside of current trawl

closures or marine protected areas (MPAs). Individual trawl samples were selected for inclusion in

analyses based on the following criteria: 1) they included a start and end time or trawl duration, of

which the latter was limited to <200 minutes; 2) they commenced at least 30 minutes after sunrise

and ended before sunset;  3)  their  start  locations  were positioned outside current  MPA or  trawl

exclusion zones; 4) they were not associated with comments suggesting problems or deviation from

normal trawling practices; and 5) for each site the sampling dates were restricted to a defined 3-

month season.  The location, selection grids and trawl samples are illustrated in Fig  9.  All  data

manipulations  and analyses  were conducted in the R programming environment  (R Core Team

2016), unless specified differently.
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Qualifying trawl samples were plotted in geographic information software  (QGIS Development

Team  2015).  A sampling  grid  was  created,  the  width  and  height  of  each  cell  equal  to  the

approximate length of a standard 30 minute research trawl at  a towing speed of 2.6 knots (1.3

nautical miles, ~2.4 km). The survey grid thus defined sampling units from which re-survey cells

could be selected. Re-survey targets were chosen by random selection without replacement from

those grid cells that contained the start location of at least one historical trawl.

Prior  to  fieldwork,  the target  sample sizes  for  repeat  surveys  were considered  using univariate

(Chapter  4)  and  multivariate  approaches.  To  assess  the  impact  of  increasing  sample  sizes  on

multivariate  precision,  the  pseudo  multivariate  dissimilarity-based standard  error  (MultSE)  was

calculated,  as  provided  by  (Anderson  and  Santana-Garcon  2015).  The  'MSEgroup.d'  function

(Anderson  and  Santana-Garcon  2015) was  applied  to  the  historical  survey data  with  site  as  a

grouping factor and using a Bray-Curtis dissimilarity matrix based on square-root transformed catch
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Figure  9.  Map showing the location of all  historical trawl samples available,  together  with the
sampling grids and re-survey trawl locations at the three chosen re-survey sites. Scale used across
the  three  inserts  is  consistent.  Areas  closed  to  trawling  include  designated  trawl  closures  and
legislated marine protected areas at the time of study. Historical trawls represented by start position
of trawl, whereas re-survey trawls are shown as a straight line connecting start- and end-positions.



data that had been standardised by their trawl distance (see below). Profiles of decreasing MultSE

with increasing sample size were visually examined

Although recent decades of government-led research trawl surveys were not contrasted directly with

historical  catches  (due  to  differences  in  gear  technology),  they  were  employed  to  assess  the

magnitude of seasonal or interannual variability. These recent (1986-2015) data were obtained from

the Department of Agriculture, Forestry and Fisheries and are referred to as DAFF data hereafter.

They  were  collected  during  annual  or  bi-annual  stratified  random  surveys  of  the  south  coast

continental shelf between 1986 and 2015. The sampling protocol for the DAFF data is detailed by

Yemane et al.  (2010) and is similar to that described below for the repeat surveys. The trawl gear

used to collect these data changed in the mid-2000s, as detailed by Atkinson et al.  (2011b). Both

sets of gear consisted of a 55 m (180 ft) German otter trawl and are similar in many aspects, yet the

fishing performance (and selectivity among taxa) may vary between the two. Therefore analyses

treated the DAFF 'old gear' (1986-2003; 2006) and 'new gear' (2004-2005; 2007-2015) separately.

Selection of DAFF survey samples used the same spatial grids as described above. Trawls were

included in analyses if they had a duration between 20 and 35 minutes, a towing speed of 3-3.5

knots and did not suffer net damage or other disruptions that may have influenced the catch.

Trawl gear

A historical Granton trawl net and flat wooden trawl doors were constructed specifically to imitate

those used on the Pieter Faure between 1897 and 1906. Details of the gear are provided in Chapter 2

and only a salient summary is provided here.

The trawl net was based on the plan and descriptions provided by Kyle (1903) and was made from

Manila hemp and a mixed polyester-polyethylene alternative with similar properties. The headline

consisted of a 28-mm Manila rope, 27.4 m long. The ground-rope consisted of a 20-mm fibre-core

cable that was served with a 10-mm tarred Manila rope and thereafter a 28-mm Manila rope to

make up a total diameter of 96 mm. The length of the ground-rope was 38 m. Mesh sizes varied

from 150 mm stretched mesh in the forward parts of the net, to 100 mm in the trailing parts of the

net. The trawl doors were 395-kg, flat, wooden doors with a heavy steel frame and shoe, which

were shackled directly onto the net headline and foot-rope.

Repeat fieldwork

Repeat trawl surveys were conducted from a commercial trawler, the MFV Leeukop, owned by the

inshore division of Viking Fishing Company (Pty) Ltd. The vessel was built as a side-trawler in
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1963, 20.6 m in length and a gross tonnage of 96.26 tonnes, with an indicated engine shaft power of

189.41 kW.

In February, March and May 2015 the repeat surveys were conducted at Mossel Bay, Cape Infanta

and Bird Island respectively  (Fig  9).  Trawling  commenced half  an  hour  after  sunrise  and was

completed  prior  to  sunset.  If  conditions  were  overcast,  a  minimum  of  30  minutes  were

added/subtracted to those limits respectively. The tow period, measured between settling of the net

on the sea-floor (as observed from vessel speed) and the start of hauling, was intended to be 30 min.

This duration was reduced by 5-8 minutes in areas where large catches made processing of the catch

difficult. The target towing speed was 2.5 knots. The length of trawl warps was set at ~5.5 times the

depth of water after initial attempts with shorter ratios failed to provide good ground contact of the

doors and net.

The content of the net was sorted to species level where possible. Reference samples of unidentified

fauna and voucher specimens were stored for examination ashore. The catch weight of each species

was measured using calibrated marine scales (Marel M1100). Total length was measured to the

nearest  centimetre,  except  for  pelagic  fish,  which  were  measured  to  the  nearest  0.5  cm.  The

maximum width was measured instead of total length for skates and rays. A representative sub-

sample was selected for length-frequency measurement when large catches were encountered. In

such cases the number of fish caught was calculated as the mean unit weight from the sub-sample

multiplied by the weight of that species' catch.

A field identification error of Polysteganus coeruleopunctatus (blueskin) meant that this taxon was

recorded with Pterogymnus laniarius at Bird Island. P. coeruleopunctatus normally occurs further

east  than Bird Island  (Smith and Heemstra  1986).  While  their  catches  are  not differentiated in

analyses, the great majority are expected to have consisted of P. laniarius and are referred to as such

hereafter.

To monitor the oceanographic environment, water-column variables (salinity, temperature, oxygen

concentration) were measured twice daily, before dawn and after dusk. This was done using a hand-

held CTD probe (SeaBird SBE 19plus V2 SeaCAT Profiler with SBE 43 dissolved oxygen probe),

which was attached to a rope and lowered over the side to the sea-floor. In addition, a compact CTD

probe was attached to the headline of the trawl net, about 1.5 m behind the starboard trawl door.

During  the  first  survey (Mossel  Bay)  a  RBR TDR-2050 device  was  employed and during  the

following surveys a RBR Concerto unit was used. In both cases, the device was set to record the

pressure (depth) and temperature every second.
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Data preparation

This study was restricted to classes Actinopteri, Elasmobranchii and Holocephali, which are broadly

included in the term 'fish' hereafter.  Historical records resolved 27 taxonomic groups that could

inform analyses (Table 2), the majority of which were at species-level but included five genera, one

family, three orders and one mixed group of remaining 'other' fish. Grouped taxa were assigned the

lowest taxonomic classification that  could be assumed with confidence.  In subsequent datasets,

catches  of  taxa  were  summed  within  the  same  groups  and  comparisons  among  periods  were

restricted to taxa that were consistently recorded throughout each of the periods.

Oceanographic data  from the hand-held SBE 19plus V2 CTD were processed using SBE Data

Processing software (version 7, 23.2). The recorded variables (temperature, salinity, pressure, depth

and oxygen concentration) were averaged in 1-m depth bins and the up-cast was used in analyses.

Data from the RBR sensors were processed using RBR Ruskin software (version 1.8.14). Profiles of

measured variables were exported as text files for further analysis.

The primary unit of measurement in the DAFF trawl survey data is mass (kg). To convert catches

into abundances of fish per trawl, the associated length-frequency data were employed. In cases

where a sub-sample had been taken for length measurements, those data together with the sub-

sample weight were used to calculate a mean weight per individual fish. This figure could then be

scaled up to the catch weight (of the relevant species) to estimate the total number of individuals. A

few cases existed where no length-frequencies were recorded for a particular species. In such cases,

the mean weight per fish was calculated using remaining trawl samples that did contain weight and

length data, limited to the same site.
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Table 2. The resolution of taxa used in analyses, including their historical and contemporary common
names. Identification issues are outlined in the Notes column.

Class Historical name Contemporary name Taxon Notes
A

ct
in

op
te

ri
Stockfish Merluccius capensis

Kingklip fish Kingklip Genypterus capensis
Kabeljaauw Kob/kabeljouw
Pangas Panga

Silverfish Carpenter/silverfish Argyrozona argyrozona
Maasbankers Trachurus trachurus

White stumpnose White stumpnose Rhabdosargus globiceps
Baardman Baardman Umbrina canariensis
Geelbeck Geelbek/cape salmon Atractoscion aequidens

Sandfish Dragonets Paracallionymus costatus

Elft Elf/shad Pomatomus saltatrix
Forkbeck White steenbras Lithognathus lithognathus
Seventy-four Seventy-four Polysteganus undulosus
Red stumpnose Red stumpnose Chrysoblephus gibbiceps
Steenbraas Red steenbras Petrus rupestris
Hottentot (Blue) hottentot

Dageraad Dageraad/daggerhead Chrysoblephus cristiceps
Mud soles Mud sole/east coast sole Austroglossus pectoralis
Sand soles Sand tonguefish
Gurnards

Barger White sea catfish Galeichthys feliceps

E
la

sm
ob

ra
nc

hi
i Sharks Shark Carcharhiniformes

Sting rays Stingray Myliobatiformes
Skates Skate Rajidae
Dogfish Spiny dogfish
Electric skate Electric ray Torpediniformes

N
/A

Other kinds N/A

N/A

Shallow water Cape 
hake

Depth of samples 
precludes M. paradoxus.

Argyrosomus spp.
Pterogymnus laniarius 
(and Polysteganus 
coeruleopunctatus)

Re-survey included some 
misidentified P. 
coeruleopunctatus

Horse 
mackerel/maasbanker

Assumed historical 
misidentification of 
dragonets as 
Platycephalus spp., 
which have not been 
recorded in > 40 years of 
research trawls.

Pachymetopon spp. Assumed to be 
predominantly P. aeneum 
as P. blochii occurs in 
rocky habitats and very 
rarely caught in trawls. 
Re-survey catches 
exclusively P. aeneum.

Cynoglossus spp.
Gurnards (multiple 
species)

Chelidonichthys spp.

Squalus spp.

Classes Actinopteri and 
Elasmobranchii excluding 
above taxa

All fish (including 
sharks)

Classes Actinopteri and 
Elasmobranchii

Entire catch excluding 
invertebrates.



Comparison of historical and re-survey catches

Most analyses used catches standardised by the distance of the trawl tow, assuming a constant net

width across the study:

C st=
C
d

(1)

d=r∗v̄ (2)

where  C st  is  the  standardised  catch  (count·nautical  mile-1);  C  is  the  summed  count  for  the

specified taxon;  d  is the trawl distance;  r  is the duration of the haul (in hours); and  v̄  is the

average trawl speed (in knots). 

Due to financial and logistical constraints, the re-survey trawl durations (~30 minutes) had to be

shorter  than those of  the historical  surveys (60-200  minutes).  The trawl duration was recorded

historically as 'time trawl down', which was the difference between the 'trawl hauled' time and the

'trawl shot' time. For the re-survey trawls, 'fishing duration' (period that the net is settled on the sea-

floor) was estimated using profiles from the temperature-depth sensors attached to the net.  The

latter method is a more accurate measure of the fishing effort exerted on demersal fish, having

removed  the  sinking  time  of  the  gear.  In  comparison,  the  'time  trawl  down'  was  exaggerated

(mean=3.5 minutes ± 0.3 SE) in the re-survey records. Such a bias would have minimal effect on

the longer-duration historical  samples but  proportionally  greater influence on the catch rates  of

shorter re-survey trawls (Battaglia et al. 2006), hence the more accurate 'fishing duration' was used

for standardisation of the re-survey samples.

The Pieter Faure trawl speed was assumed to be 1.35 m·s-1  (2.62 knots), based on calculations in

Chapter 2. The re-survey trawl speed was calculated as the GPS-logged distance over the trawl

duration.  Trawl distance (duration*speed) was considered a marginally more accurate measure of

trawl  effort  than  duration  (at  least  for  the  re-surveys)  and was therefore  used preferentially  in

analyses.

In analyses using recent DAFF survey data, catches were standardised by swept area:

C sw=
C
a

(3)

a=d∗
w

1852
(4)

where C sw  is the swept-area standardised catch (count·nautical mile-2);  a  is the area of sea-floor

swept by the trawl (nautical mile2); w  is the width of the mouth of the trawl net (m).
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Multiple analyses (below) were based on a dissimilarity matrix of the community catch data. To

down-weight  the  dominant  influence  of  abundant  taxa,  all  cases  that  used  a  Bray-Curtis

dissimilarity  matrix  were  based  on square-root  transformed standardised  catches.  Ordination  of

trawl samples  was achieved by non-metric  multidimensional  scaling (NMDS) of  a  Bray-Curtis

dissimilarity matrix. This was applied using the 'metaMDS' function from package 'vegan' (Oksanen

et al. 2016).

The  null  hypothesis  that  there  was  no  difference  in  the  multivariate  community  composition

between periods was assessed using a permutational multivariate analysis of variance using distance

matrices  (Anderson  2001);  hereafter  PERMANOVA).  A Bray-Curtis  dissimilarity  matrix  was

regressed against covariate depth and categorical variables site, period and a site-period interaction

to account for potential depth and between-site influences while testing the period effect:

D=β1+β2 depth+β3 site+β4 period+β5 site∗period+ϵ (5)

where D  is the dissimilarity matrix, β1  represents the intercept, β2  the estimated coefficient for

depth,  β3  the estimated coefficient for the site effect,  β4  the estimated coefficient for the period

effect, β5  the estimated coefficient for the site-period interaction, and ϵ  the residual error term.

The 'adonis' function in 'vegan' (Oksanen et al. 2016) was used to run the PERMANOVA models,

with  9  999  permutations  restricted  to  within-site  levels.  The  routine  used  sequential  sums  of

squares, which means the order of terms in the model was consequential. Because the period effect

was of main interest,  after having accounted for depth and site effects, it  was added last in the

model  structure.  As  maximum variability  is  attributed  to  the  other  main  effects,  this  approach

should provide a conservative estimate of the period effect.

To assess multivariate differences among pairs of surveys, a pairwise PERMANOVA analysis was

also conducted among the levels of a combined period-site factor, including depth as a covariate.

The Holm adjustment  for  multiple  comparisons  (Holm 1979) was applied  to  avoid an inflated

likelihood of obtaining a significant result.

PERMANOVA  models  are  robust  in  the  face  of  multivariate  heterogeneity,  but  not  if  the

experimental  design is  unbalanced  (Anderson and Walsh 2013).  Therefore  the  results  from the

unbalanced  design  were  augmented  with  parameter  ranges  obtained  from 1  000  randomly  re-

sampled (without replacement), balanced datasets containing 23 trawl samples per site per period.

To ascertain whether there may have been a change in multivariate heterogeneity between periods, a

permutation  test  of  the  homogeneity  of  multivariate  group  dispersions  was  employed

(PERMDISP2; Anderson 2006).  The same dissimilarity  matrix  was used as  in  the multivariate

model and ordination above. Pairwise tests among period-site level combinations were assessed
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using 9 999 permutations, employing the Holm adjustment of p-values for multiple comparisons

(Holm 1979). The multivariate group dispersions were implemented using the 'betadisper' function

in package 'vegan' (Oksanen et al. 2016).

A two-way  (period*site)  similarity  percentage  analysis  (SIMPER;  Clarke  1993) was  used  to

investigate taxa that discriminate between periods across sites. Similarly, a pairwise SIMPER was

used to identify the taxa discriminating periods for each site. These analyses were based on the

same Bray-Curtis matrix described above and conducted in Primer-E (Clarke and Gorley 2006).

Identification of the taxa that were significantly more abundant in either of the two periods was

accomplished with a site-group associations test using the 'indicspecies' package (De Cáceres and

Legendre 2009).  Although the test  does not allow a crossed design,  permutations (9 999) were

restricted to within site levels.

The effects of period and potential covariates on taxonomic richness and diversity were investigated

in  multiple  ways.  Species  accumulation  curves  were  constructed  for  historical  and  re-survey

samples at each of the three sites, using untransformed and non-standardised counts. Trawl distance

was used as a weight for sampling effort and sites were added randomly during 9 999 permutations,

using the 'specaccum' function in the 'vegan' package (Oksanen et al. 2016).

In addition, the influence of covariates (depth, trawl distance and time of day) on diversity and

richness  was  explored.  Three  measures  were  plotted  against  the  potential  covariates,  namely

taxonomic  richness,  Shannon's  diversity  index and Pielou's  evenness  index  (Hill  1973).  Linear

relationships were evaluated with a test for association between paired samples, using Pearson's

product moment correlation coefficient (Zar 1999). The diversity indices were calculated using the

'vegan' package (Oksanen et al. 2016).

The relationship between the same potential covariates and assemblage composition was assessed

using Mantel (Legendre and Legendre 2012) and ENVFIT (Oksanen et al. 2016) tests. The Mantel

correlation  was  performed  between  a  Bray-Curtis  dissimilarity  matrix  of  the  catch  data  and  a

Euclidian distance matrix of the 'environmental' variable, using Pearson's correlation coefficient.

The  ENVFIT  function  uses  an  ordination  of  the  community  data  and  finds  the  direction  in

ordination space that has maximum correlation with the environmental variable  (Jongman et al.

1995; Oksanen et al. 2016). Permutation of the environmental variable values is then used to assess

significance of the correlation. NMDS was used as the ordination method applied to a Bray-Curtis

dissimilarity matrix.

The ENVFIT and Mantel analyses were applied sequentially within period-site level combinations

as they would otherwise be confounded with expected between-site and between-period differences.
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The Holm adjustment for multiple tests (Holm 1979) was applied to avoid inflated probabilities of a

significant result across the 18 tests (three covariates, six period-site levels). Both tests used 99 999

permutations and were performed using the 'vegan' package (Oksanen et al. 2016).

To contrast the magnitude of variability between historical and re-survey samples with that among

DAFF samples, a multivariate measure of pseudo variance (MultV) was employed as in Anderson

and Santana-Garcon (2015). Consistent with other analyses, MultV was computed from Bray-Curtis

dissimilarity  matrices  derived  from  square-root  transformed,  swept-area  standardised  catches

(count·nm-2). At each site, 500 pairs of historical and re-survey samples were randomly selected

with replacement. DAFF samples were stratified by their temporal proximity to each other, so that

the difference between pairs of seasonal (≥2 months and <12 months), interannual (≥12 months and

<18 months) and multi-year (≥18 months but ≤60 months) samples could be calculated. As the

sample sizes were relatively small for the DAFF pairs, all possible pairwise contrasts were included.

The magnitude of MultV values were visually contrasted using their mean and bootstrapped non-

parametric 95% confidence intervals on scatterplots.

As uncertainties remained in the length of the historical net headline (affecting the size of the net)

and the speed at which it was towed (Chapter 2), the effect of such uncertainties on results was

examined. This was accomplished by repeating the full set of analyses on swept-area standardised

catches, using the extreme combinations of plausible bounds for headline length and trawl speed.

This resulted in two additional sets of results, the one based on the assumption of a 26.8 m (88 ft)

headline length and trawl speed of 1.10 m·s-1 (2.15 knots); the other on a 36.6 m (120 ft) headline

and a speed of 1.61 m·s-1 (3.13 knots; see Chapter 2).

In a similar manner, the impact on results of potential biases of trawl distance (duration) and depth

were examined. Again the entire set of results was re-generated, using datasets that  excluded a)

historical Cape Infanta samples with a trawl distance ≥5 nautical miles and b) re-survey Bird Island

samples with a depth ≥100 m. Any meaningful differences between these secondary sets of results

and the main set presented below were noted. 

Results

Investigation of MultSE figures indicated minimal precision increases beyond 20 samples per site

(Fig 10). Following these results, and those of univariate power analyses (Chapter 4), a target of 25

trawl samples per site was set.  Repeat surveys accomplished 25, 25 and 23 successful trawls at

Cape Infanta, Mossel Bay and Bird Island, respectively. These were contrasted with 60, 42 and 54

historical trawls respectively.
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Figure 10. Multivariate pseudo standard error (MultSE) plotted against sample size for the historical
trawl  samples  at  each  of  the  three  sites.  MultSE  calculations  used  Bray-Curtis  dissimilarities
calculated on square-root transformed, standardised catch data. Error bars represent 2.5 and 97.5
percentiles from 10 000 bootstrap samples.

Ordination of the standardised catches showed a clear separation of historical from re-survey trawl

samples (Fig 11), predominantly along the primary x-axis. Site groupings were also discernible in

the  ordination,  partially  separating  along  the  secondary  y-axis.  The  large  period  effect  was

confirmed by the PERMANOVA results, accounting for 41-47% of the variance explained by the

model  (Table  3).  The  highly  significant  site  effect  explained  10-13%  of  the  model  variance.

Together with their interaction, these two variables jointly explained 64-69% of the model variance.

The depth of trawls also significantly affected multivariate distances among trawls, but to a lesser

extent (6-10% variance). The R2 estimates from the full (unbalanced) dataset fell within ranges of

those estimated by the under-sampled (balanced) models, except for the depth effect, which was

underestimated in the full design (Table  3). All terms combined, accounted for 72-76% of total

model  variance. Results  of a pairwise PERMANOVA suggested that all  period-site levels were

significantly  different  from each  other  (p≤0.  01),  except  for  the  re-survey  samples  from Cape

Infanta and Mossel Bay.
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Figure 11. Non-metric multidimensional scaling (NMDS) plot based on Bray-Curtis dissimilarities
of square-root transformed standardised catch. Historical and re-survey samples are indicated by
circles and triangles respectively, while sites are separated by colour (Cape Infanta blue, Mossel
Bay green, Bird Island red). Bounding ellipses represent 95% probability contours estimated for
each period-site level.

Table 3. PERMANOVA results shown from the full (unbalanced) dataset as well as ranges from 1
000 under-sampled,  balanced  datasets.  Significance  levels  remained  unchanged.  Df:  degrees  of
freedom,  R2:  proportion  variance  (sums  of  square)  explained;  F:  pseudo-F  statistic;  Sign.:
significance level, *** p≤0.0001;

Shifting focus to the dispersion among samples (rather than their location), historical trawl samples

were clustered closer together than in repeat surveys (Fig 11). The PERMDISP analysis confirmed

that the dispersions were different between periods (F=101.3, p≤0.0001). This difference appears to

be caused by the divergence of re-survey Bird Island samples from those of the other two sites, as

well as the greater variance (dispersion) among Mossel Bay re-survey samples (Fig 11). Dispersion

was significantly different among period-site levels (F=14.7,  p≤0.0001), although a pairwise test

revealed that only Mossel Bay differed between historical and re-survey periods (Table  4). The
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Unbalanced results Balanced results
Variable Df  F Df  F Sign.
Depth 1 0.05 41.9 1 0.06-0.10 31.8-51.4 ***
Site 2 0.12 47.2 2 0.10-0.13 24.2-34.4 ***
Period 1 0.45 362 1 0.41-0.47 204-252 ***
Site:Period 2 0.10 41.3 2 0.09-0.12 23.8-31.6 ***
Residuals 222 0.28 131 0.24-0.28
Total 228 1.00 137 1.00

R2 R2



Mossel Bay re-survey samples were significantly more heterogeneous than all  other  period-site

levels (Table 4, Fig 11).

Table 4. Pairwise significance of PERMDISP analyses. Grey shading identifies period contrasts at
the same site. CI Cape Infanta, MB Mossel Bay, BI Bird Island. ns  p>0.05, ~  p≤0.05, *  p≤0.01,
with Holm-adjusted p-values for multiple tests.

A large dissimilarity (81.7%) of historical and re-survey assemblages was supported by SIMPER

analysis.  Of  the  taxa  contributing  90%  to  between-period  dissimilarity,  six  teleost  taxa  and

Torpediniformes  (electric  rays)  were  more  abundant  historically,  whereas  four  teleost  taxa  and

Squalus spp. (spiny dogfish) were more numerous in the re-surveys (Fig  12).  Argyrosomus  spp.

(kob),  Pterogymnus  laniarius (panga),  Austroglossus  pectoralis (east  coast  sole) and

Chelidonichthys  spp. (gurnards) contributed over  50% of  the dissimilarity  between periods  and

were relatively consistent in their distinguishing contribution (dissimilarity/SD >1). Abundances of

Argryosomus  spp.,  Argyrozona  argyrozona (carpenter  seabream) and  Rhabdosargus  globiceps

(white  stumpnose) contributed  a  substantial  proportion  to  historical  catches  (26%,  8%,  4%

respectively) but were absent (Argyrosomus spp.) or nearly absent in repeat surveys. In addition,

large  decreases  were  shown  for  P.  laniarius (27%  to  <1%)  and  A.  pectoralis (26%  to  3%).

Argyrosomus spp., P. laniarius and A. pectoralis dominated the composition of historical catches at

each of the three sites, jointly contributing 82%, 70% and 84% of Cape Infanta, Mossel Bay and

Bird  Island  catches  respectively.  In  the  re-survey,  their  summed  contribution  had  dropped  to

between 1.5% and 5.5%.

Standardised  abundances  of  Chelidonichthys  spp.,  Trachurus  capensis (Cape  horse  mackerel),

Squalus spp., Merluccius capensis (shallow-water hake) and Galeichthys feliceps (white sea catfish)

increased between periods, their joint contribution rising from 3% of the historical catch numbers to

85% of the re-survey catches. Inspection of initial years (1986-1990) of DAFF trawl survey data

showed that by the late 1980s, the proportional contribution of the same suite of taxa matched more

closely the re-survey findings than the historical situation:  Argyrosomus spp., P. laniarius and  A.
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pectoralis contributed a cumulative average of 11% by weight, whereas the five taxa that were most

numerous in re-survey catches contributed 75% of the DAFF catches.

Figure  12.  Mean  abundances  of  distinguishing  taxa  that  cumulatively  contribute  90%  of
dissimilarity  between  periods,  as  identified  by  SIMPER analysis.  Taxa  are  plotted  in  order  of
contribution  to  dissimilarity.  Standardised  abundances  (count·nautical  mile-1)  were  square-root
transformed  prior  to  analysis  and  plotting.  The  SIMPER results  for  all  taxa  are  tabled  in  the
Appendix. Error bars are non-parametric 95% confidence intervals. * identifies taxa found to be
significantly more abundant in one period, using a site-group associations test (p≤0.01 with Sidak
adjustment for multiple tests).

The dissimilarity between periods was driven by relatively few taxa at Cape Infanta compared to

other  sites,  as  shown by pairwise  SIMPER contrasts  (Fig  13).  At  the  two western  sites  (Cape

Infanta,  Mossel Bay) the top seven distinguishing taxa were the same, except for  R. globiceps,

which made up 10% of historical Mossel Bay catches but was not encountered there during the re-

survey. At Bird Island, the taxa distinguishing most between periods were different to other sites, in

that three of the top four distinguishing taxa were more abundant in the re-survey period (Squalus

spp., Chelidonichthys spp. and G. feliceps; Fig 13).
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Figure  13. Same as Fig  12, but showing taxa that distinguished between periods for individual
sites a) Cape Infanta, b) Mossel Bay and c) Bird Island, using a pairwise SIMPER analysis.
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Figure  14. Species accumulation curves for historical (black) and re-survey (red) trawl samples.
Included also are the re-survey data disaggregated to species-level resolution (orange; not directly
comparable with the other curves). Shaded areas indicate 95 % confidence intervals (2*SE). Dotted
line represents a slope of one taxon per trawl sample.

Species accumulation curves suggested that the trawl-caught fish diversity was not entirely sampled

during Cape Infanta and Bird Island repeat surveys (Fig 14). However, the discovery rate of taxa

(slope) had decreased to less than one new taxon per trawl sample by the end of the surveys. The

shape of historical accumulation curves suggested a higher  proportion of common taxa at  Bird

Island and a greater proportion of rare taxa at Cape Infanta, with Mossel Bay intermediate between

the two (Fig 14; Thompson and Withers 2003). Restricted to the taxonomic framework imposed by

the historical data, the species accumulation curves showed a notable reduction in richness from

historical to re-survey periods at all three sites.

If the full species resolution of the re-survey dataset is used for the same comparison, similar levels

of richness are seen between periods at the two western sites (Cape Infanta and Mossel Bay), but far

greater  richness  recorded  in  re-survey  Bird  Island  samples  (Fig  14).  Comparing  across  sites,

taxonomic richness was historically lowest at Cape Infanta and similar at Mossel Bay and Bird

Island, whereas in the repeat survey the two western sites had notably lower richness than Bird

Island (Fig 14).

In comparison to repeat surveys, Shannon's diversity index was higher historically across all three

sites, whereas Pielou's evenness index was lower at Cape Infanta but similar at Bird Island and

Mossel Bay (Fig 15). Significant linear relationships were revealed between diversity measures and

depth,  but  only  in  certain  cases  (period-site  levels):  Negative  relationships  were  seen  between

taxonomic richness and depth in the re-survey Mossel Bay data and between Shannon's diversity

index and depth in historical Bird Island samples (Table 5). Positive correlations were seen between

depth and both Shannon's diversity and Pielou's evenness in historical Cape Infanta samples (Table
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5), even though the depth range was narrow (<20 m). Evidence of a relationship between diversity

measures and trawl distance was detected only in the historical Cape Infanta survey, by way of a

decrease in Pielou's evenness at greater distances (Table 5).

Figure 15. Comparison of a) Shannon's diversity and b) Pielou's evenness indices between historical
(H) and re-survey (R) periods for each site. Mean and non-parametric 95% confidence intervals are
indicated in red.

Investigation of summed standardised catches with depth and trawl distance showed relationships

for some of the same cases as seen in diversity measures: Historical Cape Infanta catches were

related significantly to both depth and trawl distance (Table 6). As a result, the two latter variables

(depth and trawl distance) were also significantly correlated (p≤0.05; r=-0.364) in that survey.

Table 5. Correlation coefficients between measures of richness/diversity and depth or distance for
both historical (H) and re-survey (R) data. Statistical significance of coefficients indicated by bold
(p≤0.05) or underlined and bold (p≤0.01) font, following Holm adjustment for multiple tests.

Statistical relationships between assemblage composition and trawl depth were supported by the

Mantel and ENVFIT tests at Cape Infanta (re-survey only) and Bird Island (historical and re-survey;

Table  7).  Trawl distance was also related to  catch composition,  but only at  the historical Cape

Infanta site (Table 7), congruent with the relationship shown in Table 5.
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Variables
Cape Infanta Mossel Bay Bird Island
H R H R H R

Richness vs depth -0.014 -0.095 -0.165 -0.599 -0.298 0.238

Diversity vs depth 0.388 -0.162 -0.154 -0.347 -0.450 -0.291

Evenness vs depth 0.440 -0.126 -0.072 -0.079 -0.269 -0.372

Richness vs distance 0.004 -0.113 0.247 -0.353 -0.018 0.232

Diversity vs distance -0.340 -0.195 -0.172 -0.241 0.108 0.036

Evenness vs distance -0.404 -0.138 -0.376 -0.096 0.143 -0.047



Table  6.  Similar  to  Table  5,  but  showing  correlation  coefficients  between  standardised  catch,
summed for all taxa, and depth or distance.

Table 7. Mantel and ENVFIT tests exploring relationships between community composition and
trawl depth,  duration  and time of  day.  r:  Mantel  statistic  (Pearson correlation coefficient);  r2:
ENVFIT goodness of fit statistic (squared correlation coefficient); Sign: significance of p-values
after Holm adjustment for multiple tests; ns p>0.05, ~ p≤0.05, * p≤0.01, ** p≤0.001;

Comparison of the MultV (multivariate pseudo variance) between periods, with that from seasonal

and interannual time-frames in DAFF trawl surveys, showed that mean variability was substantially

larger between periods (ranging 2.0-3.3 times the short-term variability; Fig 16). This indicates that

the magnitude of mean seasonal and interannual variability among DAFF samples is too small to

account for the changes observed between historical and re-survey periods.

Due to the survey design, depths were expected to be similar between periods. This was found not

to be the case at Bird Island, however, where a bias towards deeper depths was noted in the re-

survey trawls (mean=90 m) relative to historical samples (mean=78 m; Appendix). Repetition of

analyses on a dataset that excluded re-survey Bird Island samples with a depth ≥100 m showed no

material impact on results, other than to remove the relevant relationship in Table  7. Similarly, a

repetition of analyses without historical Cape Infanta samples that had a trawl distance ≥5 nautical

miles showed no material change in results other than to remove the relevant (depth and distance)

relationships in Tables 5-7.
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Variables
Cape Infanta Mossel Bay Bird Island
H R H R H R

Catch vs depth 0.356 0.175 0.104 -0.462 0.098 -0.023
Catch vs distance -0.399 -0.007 -0.291 -0.321 -0.238 -0.509

Depth Distance
Period-site Mantel ENVFIT Mantel ENVFIT

 r  Sign. Sign.  r  Sign. Sign.

Historical – CI ns ns 0.19 * 0.25 *
Historical – MB ns ns ns ns
Historical – BI 0.17 ~ 0.54 ** ns ns
Re-survey – CI 0.30 * 0.58 * ns ns
Re-survey – MB ns ns ns ns
Re-survey – BI 0.50 * 0.52 ~ ns ns

 r2   r2  



Figure  16.  Comparison  of  MultV calculated  between  pairs  of  randomly  chosen  samples  from
historical and repeat surveys (Hist-Res; N=500 for each site), as well as all possible combinations
of DAFF samples that were separated by ≥2 month but <12 months (DAFF.sn), ≥12 months but <18
months (DAFF.int) and ≥18 months but ≤60 months (DAFF.my). Mean and non-parametric 95%
confidence intervals are indicated in red. See Methods for details.

Investigation of oceanographic data collected during the re-survey cruise revealed a correlation

between near-bottom oxygen concentrations and depth, only at Mossel Bay (p=0.008; r=0.85). This

relationship was due to relatively low dissolved oxygen concentrations (1.5 and 2 ml ·l-1) at stations

shallower than 60 m.

Examination of results that are generated assuming extreme combinations of plausible bounds for

the historical net headline length and trawl speed, showed little difference from those presented

above. The examined adjustments effectively inflated historical standardised catches by 25% or

reduced them by 37%. Effects on results included minor adjustments to the significance of depth

effects reported by the Mantel test for Bird Island historical and repeat surveys. In addition, the

sequence of species distinguishing between periods (reported by SIMPER and plotted in Figs  12,

13) changed in a few cases. None of these effects had material impact on the interpretations or

conclusions drawn from the original results.
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Discussion

The contrast of historical and re-survey records convincingly rejected the null hypothesis that there

was no difference in assemblage composition between the two survey periods. The separation of

periods was the most obvious feature in plots of unconstrained ordination (Fig 11) and the period

effect  was  attributed  a  dominant  proportion  (up  to  47%)  of  the  variance  explained  by  the

multivariate model (Table  3). In addition to the changes between periods, the multivariate model

confirmed assemblage differences among sites, as well as an influence of depth on the community.

The  striking  transformation  of  the  community  assemblage  was  driven  by  previously  dominant

species that were absent or rare in the re-survey, as well as a suite of taxa that were numerically

sparse in historical surveys but increased to make up the majority of 2015 assemblages (Figs  12,

13). The most severe catch declines were on average seen in  Argyrosomus spp.,  P. laniarius,  A.

pectoralis, A. argyrozona and, at Mossel Bay, R. globiceps. Argyrosomus spp., P. laniarius and A.

pectoralis dominated the composition of historical surveys at each of the three sites, contributing

70-84% of historical catches. Their relatively consistent proportions (roughly a quarter each) across

sites  indicates  that  these  three  taxa  may  have  been  dominant  throughout  similar  habitats  in

historical,  south-coast,  inshore areas.  If  so,  they would have had a  significant  influence on the

trophic ecosystem at that time. This may be especially relevant for Argyrosomus spp., as their large

size  and  varied  diet  would  have  exerted  substantial  predation  pressure  on  the  surrounding

community (Smale and Bruton 1985).

The drastic decreases of the above taxa were accompanied by large increases shown in the numbers

of  Chelidonichthys spp.,  Squalus  spp.,  M.  capensis and  T.  capensis caught  in  repeat  surveys.

Whereas the joint historical contribution of these taxa was 5% at Bird Island and 2% at the two

other sites, their numbers contributed 73-87% to the re-survey assemblages. Abundances of these

taxa were less consistent across re-survey sites, with M. capensis more numerous at the two western

sites and Squalus  spp. exceptionally abundant at the eastern site of Bird Island. Inspection of the

first five years of DAFF trawl survey data (1986-1990) indicated that the above replacement of

dominant taxa had already taken place by the start of the modern-era trawl surveys.

Factors affecting species abundances between periods

Life-history characteristics are frequently cited as determinants of the sensitivity of populations to

fishing pressures, including fecundity, age at maturity, spawning strategies, growth rate, longevity

and body size (Stevens et al. 2000; Rogers and Ellis 2000; Graham et al. 2001; Genner et al. 2010;

McHugh et al. 2011). Declines of elasmobranch taxa, for example, are often explained by their low

fecundity, slow growth and/or old age at maturity (Stevens et al. 2000; Graham et al. 2001; Ferretti
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et al. 2010; McHugh et al. 2011). Yet in the current study, neither life-history characteristics nor

taxonomy appeared to effectively separate taxa that had increased from those that had decreased.

While abundances of Torpediniformes declined across sites, the numbers of some elasmobranchs,

such as  Squalus spp., Myliobatiformes and Carcharhiniformes increased overall (Appendix), even

though it must be noted that those increases were predominantly due to large catches at one site

(Bird Island). Rajidae appeared to decline at the two western sites but were caught in far greater

abundances in the Bird Island re-survey.

Habitat preferences may provide insight to the potential drivers of observed assemblage changes.

Multiple  taxa  that  declined  substantially  (Argyrosomus spp.,  P.  laniarius,  A.  argyrozona,  R.

globiceps) are associated with reef habitats to varying degrees (Mann 2013 and references therein).

On the contrary, the majority of species that increased between surveys tend to prefer soft substrates

(e.g.  Chelidonichthys spp.,  Squalus  spp.,  G. feliceps and Rajidae) or inhabit  both soft  and hard

benthic  substrates  (M.  capensis;  Mann  2013).  The  surveyed  sites  have  remained  commercial

trawling grounds since the historical surveys took place. Therefore reef-like habitat, consolidated

substrate or structure-forming communities that may have been present historically, are likely to

have been removed or degraded by over a century of trawling activity  (Engel and Kvitek 1998;

Auster  and  Langton  1999;  Moran  and  Stephenson  2000;  McConnaughey  et  al.  2000).  Habitat

complexity  is  reduced by trawling  in  multiple  ways  (Auster  and Langton 1999),  including the

removal and damage of emergent and high-biomass fauna, which may become replaced by smaller-

bodied  and  infaunal  animals  (Kaiser  et  al.  2000).  The  change  from a  partially-reef-associated

assemblage to a catch composition that is dominated by taxa associated with unconsolidated benthic

habitats, supports the expectation that extensive trawl activity has modified the benthic habitats on

these inshore trawl grounds. If the sediment structure has been modified by trawling at these sites

(Auster et al. 1996), the benthic habitat, together with parts of the fish community dependent on it,

may be permanently altered and fail to recover, even if fishing were to cease.

Sainsbury et al.  (1993) document a case study in which trawl-related habitat changes appeared to

drive fish assemblage changes: The catch composition of the north-west Australian trawl fishery

changed markedly over time, even though total catch rates remained relatively stable (Sainsbury et

al. 1993). During initial stages of exploitation in the 1960s, two valuable genera (Lutjanus spp. and

Lethrinus spp.) made up about half of a multispecies fishery. Following two decades of escalating

trawl pressure, their catch contribution fell to 10% in the mid-1980s. The catches of epibenthic

fauna (mainly sponges, alcyonarians and gorgonians) declined over the same period, while two less-

valuable  fish  genera  (Nemipterus spp.  and  Saurida spp.)  increased  substantially  in  their

contribution.  Further  investigation  showed that  the  latter  genera  preferred  areas  of  open sandy
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substrate,  while  the  commercially-valuable  taxa  that  had  decreased  were  associated  with dense

epibenthic  cover  that  was  removed  by  trawling  activity  (Sainsbury  et  al.  1993).  It  is  quite

conceivable  that  habitat-related  assemblage  changes  similar  to  those  documented  in  north-west

Australia (Sainsbury et al. 1993) played out during the early years of trawling, both in South Africa

and other parts of the world. Trawl intensity has been linked to changes in epifaunal and infaunal

communities on South Africa's west coast (Atkinson et al. 2011a), but those changes were relatively

recent and from an environment that had been extensively trawled prior to the study. As fishers and

scientists generally paid little attention to quantifying catches of invertebrate fauna until relatively

recently, evidence of pre-disturbed benthic baselines and their subsequent changes will be hard to

come by (Callaway et al. 2007).

Reduced habitat  heterogeneity would be expected to diminish the richness and diversity of the

demersal fish community, as was shown by results here (Figs 14, 15) and has been found in other

long-term studies of trawl-caught assemblages  (Greenstreet and Hall 1996; Rijnsdorp et al. 1996;

Greenstreet  et  al.  1999).  The  fact  that  A.  argyrozona,  a  reef-associated  bentho-pelagic  species

(Brouwer and Griffiths 2005) was abundant at Cape Infanta and Mossel Bay historically, seems to

suggest one of two explanations: 1) There used to be patches of reef-like habitat within those trawl

grounds,  and/or  2)  their  preference  for  reef  habitat  follows  a  density-dependent  basin  model

(MacCall 1990), whereby they expanded into non-reef areas when abundant, but contracted to reef

habitats as their populations declined from exploitation.

Geographic  distribution  range  and  depth  are  additional  factors  that  might  separate  taxa  that

increased and decreased during the study period. Argyrosomus spp., P. laniarius, A. pectoralis and

R. globiceps are restricted to relatively shallow depths (≤120 m), generally close to the coastline.

Sought-after fishing targets that are limited to shallower coastal areas will inherently suffer greater

fishing pressure, as they are in easy reach of the majority of fishers and fishing gears. The impact of

line-fishing sectors (made up of  commercial,  recreational  and subsistence fishers) has  certainly

played a substantial role in the decline of several taxa shown here  (Mann 2013). Most taxa that

increased (Chelidonichthys spp., Squalus spp., T. capensis, M. capensis) have a substantially wider

distribution in terms of distance from the coastline and depth. Besides the fact that their greater

distribution may allow larger populations, such taxa are also more likely to have maintained refuges

that  are  inaccessible  or  uneconomical  to  exploit. Both  proposed  explanations  pertaining  to  the

observed pattern of assemblage changes,  namely habitat  preferences and spatial  distributions of

taxa, implicate fishing pressure as the likely agent of change.
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Temporal and spatial differences in assemblage

The variability (dispersion) among recent trawl samples was greater than that observed historically

(Fig 11). Two primary reasons appeared to be responsible: 1) The Bird Island samples had diverged

from the remaining two sites, and 2) Mossel Bay samples showed far greater variability relative to

all other period-site combinations. 

Re-survey catches at Bird Island were notably larger than at the other two sites, due to considerable

abundances  of  Chelidonichthys spp.,  G.  feliceps and  a  host  of  elasmobranchs  (Squalus  spp.,

Rajidae,  Myliobatiformes and Carcharhiniformes).  Inspection of the last  decade (2006-2015) of

DAFF trawl survey data suggested that some of these re-survey catch contributions were unusual

(detailed  in  Chapter  4).  Yet  the  same data  do  support  the  finding  that  Bird  Island  catches  of

Chelidonichthys spp.,  Squalus  spp.,  Myliobatiformes and all  taxa combined have  recently been

higher at Bird Island than those of the other two sites. It appears that the Bird Island site may have

recently supported a trawl assemblage somewhat different (and richer in overall catches) from those

of the other two sites. Although richer in fish abundances, the majority of those greater numbers

appear  to  consist  of  low-value  or  discarded  taxa  and  therefore  do  not  necessarily  imply

economically-richer catches compared to the western two sites.

It is worth noting that summed standardised catches were historically lowest at Bird Island and

increased westwards to highest levels at  Cape Infanta.  This contrasts  with recent re-survey and

DAFF data, which show Bird Island catches to be larger than at the western two sites. A measure of

multivariate  variability  between  historical  and  re-survey  samples  indicated  that  the  divergence

between periods was lower at Bird Island than at the other sites (Fig 16). These findings imply that

current demersal communities have been impacted less severely at Bird Island than at Cape Infanta

and Mossel Bay. There may be multiple reasons for this: Relative to the other sites, trawl intensity

in recent decades has been lower at Bird Island and declined notably in the few years preceding the

repeat survey (detailed in Chapter 5). In addition, the site is adjacent to the Bird Island MPA and in

relative proximity to the eastern-most boundary of commercial trawling activities for the last 40+

years  (Booth and Hecht 1998). Therefore its location may be influenced by nearby refuges from

fishing impacts (including from trawl impacts to the east), which could contribute greater resilience

and spillover from such lesser- or unfished areas. It must be acknowledged that the Cape Infanta

site  is  also adjacent  to  an MPA, which has  been shown to benefit  surf-zone fish  (Bennett  and

Attwood 1993). The spillover benefits of such MPAs to demersal trawl communities have not been

tested in SA. Neither has the effect of bay closures to trawling, some of which were instated as early

as 1928 (Sink et al. 2012b). Investigation of habitats and demersal communities inside and outside
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these  protected  areas  may  provide  valuable  insight  on  fishing-induced  habitat  impacts,  their

recovery and the efficacy of protection to benthos and associated demersal fauna.

The high abundances of G. feliceps, Rajidae and Carcharhiniformes encountered in the Bird Island

re-survey, together with unusual catches of warm-water species such as sixgill sawshark (Pliotrema

warreni) and blueskin seabream (Polysteganus coeruleopunctatus), suggests that some anomalous

faunal abundances were encountered during the repeat survey at this site. The Bird Island bottom

waters were well oxygenated and had temperatures ranging 14.1-16.8 °C, which do not appear to be

outside of the norm (Goschen and Schumann 1990; Smale et al. 1993; Roberts 2005). Anomalous

abundances of certain taxa cannot be explained from the limited environmental data included in the

study. Monitoring of future catches in that area, examination of satellite data relevant to the re-

survey period, as well as more in-depth investigation of long-term oceanographic data may help

shed light on why large abundances of certain taxa were encountered. Although unexplained, such

variability, assumed to be environmentally driven, highlights the importance of having included

multiple sites in the long-term comparison.

The inflated dispersion seen amongst Mossel Bay samples could conceivably be driven by gradients

of environmental variables within the re-survey area (across time or space), which might structure

the  catch  composition  and  increase  variability  among  samples.  An  increased  range  of  benthic

habitat  types  is  unlikely,  as  trawling  is  expected  to  have  reduced rather  than  enhanced habitat

variability  (Auster and Langton 1999). However, spatial or temporal gradients in relevant water-

column variables might have affected the community.  As reported in the Results section, a clear

depth-related gradient in near-bottom dissolved oxygen concentrations was found at Mossel Bay,

with shallower  parts  of  the re-survey area characterised by relatively low values  (1.5-2 ml·l-1).

While  above  the  level  defined  as  hypoxic  (1.43  ml·l-1;  Diaz  and  Rosenberg  1995),  these

concentrations  may  affect  demersal  species  richness  (Breitburg  2002) and  catches  might  be

expected to decrease at such low concentrations. Yet contrary to such expectation, larger and more

species-rich catches were made at shallower, lower-oxygen stations (Tables  5,  6). Nonetheless, a

contribution  towards  spatial  structuring  of  the  community  by  oxygen  or  another  unmeasured

environmental variable cannot be discounted.

A further explanation for the high dispersion seen at Mossel Bay might be degradation of the trawl

community due to persistent anthropogenic pressures. Caswell  and Cohen  (1991) predicted that

disturbance  would  increase  heterogeneity  within  a  community.  Warwick  and  Clarke  (1993)

demonstrated that  multivariate  variability  was associated  with stress  or  degradation  across  four

examples of widely varying marine communities, which prompted them to develop an index to

quantify  it.  Of  the  three  survey  sites,  Mossel  Bay  appears  to  experience  the  highest  level  of
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anthropogenic pressures (Sink et al. 2012a). Human impacts at or near this site include an industrial

town and large harbour (including oil and gas terminal), offshore petroleum and gas exploration and

production, including pipelines to the onshore refinery, and relatively intense fishing activity in the

area. Various fishing and pollution pressures combined, perhaps together with climate stress, may

have resulted in a heavily-impacted, sparse demersal fish community at the Mossel Bay survey site.

The fact that standardised catches summed for all taxa were slightly lower at Cape Infanta than

Mossel Bay, yet did not suggest inflated dispersion among samples there, does not fit this theory.

Yet DAFF trawl survey data averaged over the last 10 years do indicate lowest catches at Mossel

Bay, where they were 31% and 52% lower than at Cape Infanta and Bird Island respectively.

Substantial differences in the magnitude of standardised catches between Bird Island and the two

western sites was similarly reflected in the species richness among sites, with the Bird Island re-

surveys recording approximately twice the number of taxa found at the other two sites (Fig  14).

Although the taxonomic resolution imposed by historical records requires caution, it appears as if

species richness has declined, at least at the two western sites. In Bird Island re-survey samples, the

diversity of species included in grouped taxa (especially 'other fish') may equal, or even exceed, the

loss of multiple taxa recorded in historic samples there. Taxonomic richness seemed to be greater at

Mossel Bay and Bird Island than at Cape Infanta historically, whereas in the re-surveys richness

was low at the two western sites and higher at Bird Island. Yemane et al.  (2010) indicated that

species richness was relatively high between 20° and 22°E (which includes Cape Infanta), then

declined to  a  minimum at  about  24°E (approximately  half-way between Mossel  Bay and Bird

Island) before increasing to the highest values in the eastern-most parts of the survey area (near Bird

Island). Although those results apply to a far broader shelf area than the inshore parts focused on

here, they are congruent with highest taxonomic richness in the eastern area around Bird Island.

Diversity appeared to be suppressed but taxonomic evenness was similar (elevated at Cape Infanta)

in re-survey catches, relative to the historical data (Fig 15). Previous studies comparing long-term

trawl  survey  data  over  time  tend  to  report  a  decrease  in  diversity  as  well  as  evenness  (e.g.

Greenstreet and Hall 1996; Rijnsdorp et al. 1996; Greenstreet et al. 1999). However the potential

bias  caused  by  the  grouped  taxonomy  inherited  from  historical  records  makes  such  diversity

contrasts difficult to interpret and further discussion of these indices is limited to their comparison

with depth and trawl distances below.

Comparison with previous studies

McHugh et  al.  (2011) documented  notable changes  in  the demersal  community  of  the western

English Channel between historical (1913-1922) and repeat surveys almost a century later (2008-
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2009). Although they did separate statistically, their ordination did not show strikingly disparate

periods as seen in Fig 11. In their case, differences were driven predominantly by alterations in the

elasmobranch assemblage, which was interpreted as evidence of the loss of larger, slow-growing

taxa due to fishing pressures  (McHugh et al. 2011). In ordinations of survey data from historical

(1929-1953)  and  more  recent  (1980-1993)  periods,  Greenstreet  and  Hall  (1996) found  almost

orthogonal separations of a period and site effect, which is a commonality with results here. They

interpreted it as evidence that the two effects were largely additive with little interaction between

them.

Some North Sea studies have shown 20th century demersal assemblage changes to have consisted of

relatively subtle abundance changes of mostly less common species  (Greenstreet and Hall 1996;

Greenstreet et al. 1999; Rogers and Ellis 2000). To illustrate, Greenstreet et al. (1999) noted that the

same  five  dominant  species  contributed  over  50%  of  similarity  across  all  four  periods  they

examined between 1925 and 1996. The assemblage changes documented in the current study appear

to have been substantially more severe.

Few other studies have had access to demersal survey records prior to, or early in the development

of a trawl fishery. Of those that did  (Silvestre et al. 1986; Harris and Poiner 1991; Andrew et al.

1997;  Graham et  al.  2001;  Klaer  2001; Kongprom et  al.  2003;  Mussgnug 2013),  most  did not

conduct multivariate analyses comparable to those focused on here. However, some commonalities

can nonetheless be identified with their results. Klaer (2001) documented strong declines in overall

commercial  catch  rates  between  1918-1957  in  the  south-east  Australia  trawl  fishery,  despite

substantial  technological improvements during that time. Drastic changes in the composition of

catches included the virtual disappearance of two species that had been abundant during early years

of the fishery. Trawl surveys were conducted on the upper continental slope in 1976/1977, before

the  fishery  expanded  into  those  deeper  waters.  Twenty  years  later,  when  a  repeat  survey  was

conducted, the initially dominant taxa of dogsharks (Centrophorus spp.) and redfish (Centroberyx

affinis) had declined to <1% and <5% of initial catch rates, respectively (Andrew et al. 1997). Many

other species showed notable declines in size and abundances, with the overall catch rate falling to

32% of that recorded in the pre-fishery survey. On the northern coast of Australia, Harris and Poiner

(1991) similarly showed that two decades after the development of prawn trawling in the Gulf of

Carpentaria, the combined catch rate of all fish had declined to less than half of initial values. A

previously dominant taxon (Paramonacanthus spp.) had also collapsed over this time. Their results

recorded  substantial  changes  in  the  fish  community  during  the  relatively  short  duration  of  the

fishery.
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Mussgnug (2013) included the same historical data and investigated comparable geographic areas to

those of the current study, although he focused predominantly on chondrichthyan taxa and did not

have the benefit of repeat survey data used here. He conducted similar ordination and SIMPER

analyses  to  those  reported  here,  therefore  agreement  between  results  of  the  two  studies  was

expected.  Mussgnug  (2013) also  found  significant  multivariate  differences  between  historical

(1898-1933) and recent (1985-2010) periods. Congruent with decreased abundances shown here, he

suggested  that  catch  contributions  of  P.  laniarius,  A.  inodorus, A.  pectoralis,  A.  argyrozona,

Umbrina canariensis and  R. globiceps had declined between the two periods.  He also reported

increases in catch contributions for T. capensis, M. capensis and Chelidonichthys spp., in agreement

with results  from the current  study.  The main  discordance  between the  two studies  pertains  to

elasmobranch  taxa:  Mussgnug  (2013)  emphasised  decreases  in  the  contributions  of  all

elasmobranch taxa, whereas average abundances of most elasmobranch taxa (Squalus spp., Rajidae,

Myliobatiformes, Carcharhiniformes) increased between periods in this study (Appendix). Such a

discrepancy might be explained by the point alluded to previously, that unusually high abundances

of  chondrichthyan taxa  (and  G. feliceps)  appeared  to  be encountered  in  the  Bird  Island repeat

survey. These apparently anomalous abundances may have biased the comparison between periods

for those taxa. As Mussgnug (2013) used multiple datasets spread over many years, his comparisons

should be more robust to temporary anomalies. A considerable benefit of the current results over

those reported by Mussgnug (2013), however, is that differences in trawl gear and trawl speeds

were explicitly examined and effectively removed, thereby addressing a large uncertainty in results

and lending them to a greater range of analyses and applications. Nonetheless, most of the results

appear to agree between the two studies.

It appears that the few studies with access to records from the beginning of a trawl fishery (or

earlier)  demonstrate more drastic assemblage changes than those based on initial  data collected

many years after the development of fishing pressures. This implies that the magnitude of change

measured in long-term trawl survey comparisons depends to a large degree on the state of initial

communities sampled. If so, this highlights the erosive effect of shifting baselines (Pauly 1995) and

the  importance  of  reconstructing  pre-disturbed  reference  points  to  counter  it.  The  majority  of

research  into  long-term demersal  assemblage  changes  has  been  based in  Northern  Hemisphere

regions, where decades, if not centuries of trawling preceded the earliest available survey records

(e.g. Greenstreet and Hall 1996; Rijnsdorp et al. 1996; Greenstreet et al. 1999; Genner et al. 2010;

ter Hofstede and Rijnsdorp 2011;  McHugh et al.  2011).  Those studies provide useful  reference

points from periods when most anthropogenic pressures were lower, yet the historical systems they

document had already suffered substantial exploitation impacts and were not representative of near-
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pristine ecosystems (Thurstan et al. 2010; McHugh et al. 2011). This study, on the other hand, had

access to trawl survey data from relatively pristine demersal communities. If North Sea demersal

assemblage data could be reconstructed from 300 rather than 100 years ago, subsequent changes

might appear equally striking as in this study.

Examination of assumptions

Factors that might bias comparisons between historical and re-survey trawl catches were accounted

for as far as was possible. These included the standardisation of factors such as season, time of day,

geographical locations and replication of gear. Nonetheless contrasts of the historical and re-survey

catches require examination of certain assumptions. These included that 1) the catches were not

biased  by  different  (gear  or  vessel-related)  fishing  performances  between  the  two  surveys;  2)

differences in trawl distance (duration) did not bias catch rates; 3) a depth bias at Bird Island did not

impact comparisons; 4) shorter-term interannual variability was not responsible for the changes

observed; and (5) the taxonomic resolution imposed by historical records did not confound results

or inferences drawn. Each of these was carefully considered and their consequences are discussed

below.

Trawl gear performance

The historical trawl gear was carefully imitated in design, materials and function and the resultant

gear selectivity and catching power are expected to be closely related to those of the historical trawl

gear (Chapter 2). Although the range of realistic values is conscribed, the exact dimensions of the

historical  trawl  net  are  not  absolutely  certain.  Similarly,  there  is  some  uncertainty  around  the

trawling speed attained by the Pieter Faure. In such cases, 'best estimates' had to be made based on

available evidence and analyses employ these estimates, assuming that they are representative of

historical fishing power. Trawling speeds and net headline lengths are central to the standardisation

of catches  and incorrect  assumptions about  them may result  in  incorrect  catch rates. However,

assessment of the most extreme bias that might result from the combination of these two variables

in the calculation of standardised catches confirmed that they would have negligible effect on the

results  and  interpretations  reported  here.  Therefore  even  though  some  uncertainty  remains  in

relation to the replication of the historical trawl gear and methods, the results of analyses appear

robust to such uncertainty.

Trawl distances

The  trawl  duration  and  resulting  distance  covered  under  tow  is  considered  to  be  the  largest

operational  difference  between periods  contrasted.  The historical  trawl samples  were of  typical
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commercial duration at that time (~1-3 hours), likely because their surveys were subsidised by sale

of  the  catch,  creating  incentive  for  relatively  large,  commercially-profitable  catches.  Recent

research surveys typically use shorter tows (Walsh 1991; Battaglia et al. 2006; Wieland and Storr-

Paulsen  2006) that  balance  efficiency  with  attaining  ecologically-meaningful  samples.  Due  to

economic (time) constraints, the repeat survey employed ~30 minute trawls, similar to the national

and some international trawl survey protocols (ICES 2012).

Although there are theories to explain changes in catch rates with changing trawl length, empirical

support  of  such effects  seem limited to comparisons of  short  trawl tows  (≤15 minutes).  Walsh

(1991) and Godø et al. (1990) found greater catch per unit effort (CPUE) for various demersal fish

in the shortest (5-minute) trawls, but not when they compared 15- and 30-minute trawls. Wieland

and  Storr-Paulsen  (2006) concluded  there  was  no  effect  on  shrimp  or  halibut  CPUE in  their

comparison of 15- and 30-minute trawls. Investigating three crab species, Somerton et al.  (2002)

showed that CPUE was significantly greater in 15-minute tows compared to 30-minute trawls for

two  of  their  taxa.  None  of  the  above  studies  found  an  effect  of  trawl  length  on  the  sizes  of

individuals caught. Elevated catch rates in short-duration trawls are likely due to a proportionally

greater impact of the 'end effect' - catches taken during shooting and hauling of the net, the time of

which is frequently excluded from the tow duration (Battaglia et al. 2006). These end effects were

removed from the re-survey catches here and were assumed to have minimal effect on the longer-

duration historical trawls.

Evidence of a trawl distance effect on catch composition and diversity measures was found, but

only in the historical Cape Infanta samples (Tables 5 and 7). The expectation might be that longer

trawls would integrate the uneven distribution of fish and result in greater taxonomic evenness.

Instead, lower evenness was indicated for longer trawl distances (Table 5). Further investigation of

Cape Infanta data showed that both depth (positive) and trawl distance (negative) were correlated

with total standardised catch (Table 6) and that there was a correlation between trawl distances and

their depth. The observed correlations with trawl distance are attributed towards the behaviour of

the fishing master in historical surveys: Trawl distances (durations) appear to have been lengthened

when fish were relatively scarce and shortened when fishing was more productive, likely due to the

economic incentive to fill the net. This behaviour would act to confound catch variability with an

apparent (negative) relationship between catch rates and distance, as was observed (Table  6). For

whatever reason, the catch rates were lower in shallower parts of the historical Cape Infanta survey

area  (Table  6).  The  lower  catches  at  shallower  stations  may  have  resulted  in  the  positive

relationships between depth and evenness/diversity in those samples (Table 5). Such depth effects,
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together with the behavioural response of the fishing master described above, are expected to have

produced the observed correlation between evenness and trawl distances (Table 5).

A related assumption  implicit  in  comparison of  the  historical  and re-survey catches  is  that  the

magnitude of catches did not bias selectivity or catch rates. It is likely that as a trawl net fills with

catch, its geometry and water flow through the net are affected (Somerton et al. 2002; Battaglia et

al. 2006), thereby influencing the escapement of fish. The assumption was made that catch rates and

selectivity  remained  approximately  constant  across  different  trawl  distances  and  catch  sizes.

Although an impact of catch size on net performance cannot be discounted, such potential bias is

expected to be relatively small in that it likely biased few samples (that had the largest catches) and

was most likely to affect only a small proportion of the entire trawl tow (once the net had filled to a

capacity  where  its  catch  rate  was  affected).  Somerton  et  al.  (2002) found  no  evidence  that

differences between 15- and 30-minute catch rates were related to the total catch size.

To verify whether the apparent (historical Cape Infanta) trawl distance effect might bias conclusions

in any way, the complete set of analyses were repeated on a dataset that omitted Cape Infanta trawls

with a distance greater than five nautical miles. The deductions and conclusions drawn from the

reduced dataset did not differ from those of the full dataset.

Bird Island depth bias

As repeat trawl locations were chosen randomly from the grounds surveyed historically,  depths

were expected to be similar between periods. However a difference in depth distribution was found

at Bird Island and an effect of depth on community composition was seen at Bird Island (both

periods) and Cape Infanta (re-survey only; Table  7). Impacts of depth on richness and diversity

measures were also seen, as has been discussed above. As it was clear that depth did influence

catches in some cases, it was included in analyses where possible.

Causes of the unexpected Bird Island bias in depth are unclear but appear to be due to error in

historical measurements. The depths recorded for many of the Bird Island historical trawl samples

appear  to  be  too  shallow  compared  to  nearby  re-survey  trawls  and  a  10-m  resolution  GIS

bathymetry  layer  (not  shown).  The  location  of  historical  trawls  may  have  been  estimated

inaccurately  (with  a  systematic  bias  of  overestimating  the  distance  to  shore),  or  the  depth

measurement may have been negatively biased, perhaps due to exaggerated correction of sounder

measurements that had been affected by currents and/or wind drift. The currents experienced in this

area are generally stronger than at the other two sites (Less, personal communication 2015). In case

this bias was real and to assess its impact on results, analyses were repeated with a dataset that
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excluded seven Bird Island re-survey samples deeper than 100 m. Although the results had reduced

statistical power, they did not show material differences to those presented.

Long-term signal vs short-term variability

Trawl catches are potentially affected by multiple sources of variability over relatively short time-

frames  (Arreguín-Sánchez  1996;  and  references  therein).  These  could  include  natural-  or

anthropogenic-driven abundance changes over interannual time-frames, catchability variation due to

changes  in  weather/oceanography  (influencing behaviour  of  fish  or  fishing  gear),  and seasonal

changes in their  catchability  due to altered reproductive or feeding behaviour.  An experimental

design  contrasting  long-term changes  would therefore  be  more  powerful  at  isolating  long-term

differences from such shorter-term variability if it included multiple years of data for each period.

Unfortunately neither the historical data nor the repeat surveys allowed use of multi-year data. It

might be argued that had the surveys taken place in another year, the results may have differed. To

address this point,  the magnitude of typical seasonal,  interannual and multi-year variability was

compared to the variance observed between historical and re-survey periods. Those results (Fig 16)

confirmed that the magnitude of change documented between periods was substantially greater than

short-term variability captured in DAFF trawl survey data. The sampling of three geographically

distinct sites in different months is also expected to reduce the impact of potential short-term bias.

The major part of measured between-period differences are therefore attributed towards long-term

change that has occurred in the studied assemblages.

Taxonomic limitations

The taxonomic resolution imposed by the historical records (Table 2), requires consideration during

interpretation of results. For example, within this taxonomic framework two hypothetical samples

with identical species-level richness, diversity or evenness, but a different composition of species,

could conceivably exhibit different measures of those indices. Because of this, interpretation of the

indices was focused within period-site levels (in relation to depth/distance) or cautiously among

sites within a period, assuming that the grouped taxa likely had comparable compositions within a

period. Clearly changes in the composition of grouped taxa cannot be resolved here. The 'other'

category of fish is especially problematic, as it has almost no taxonomic or ecological meaning to it.

Assumedly this group was historically used to pool taxa that were relatively rare and not considered

of economic interest. Although included in analyses, interpretation of changes in the 'other' taxon

group was therefore not a focus. 

The  consequence  of  grouped  taxa  on  comparisons  of  assemblage  composition  are  expected  to

dampen differences among samples, because opposing species-level abundance changes within a
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group would be concealed  (Dulvy et al.  2000). It is important to note, therefore, that long-term

variability  documented  here  may  provide  a  conservative  gauge  and  that  it  may  have  missed

important declines or increases within the grouped taxa. Dulvy et al. (2000) document a case where

the disappearance or decline of large skates was masked by the increase of two smaller species

when skate (Rajidae) catches were not disaggregated. Such an explanation might contribute towards

the lack of average declines seen in this study for Rajidae, Myliobatiformes and Carcharhiniformes,

despite drastic alterations in several other taxa. Thus results reported here should not necessarily be

interpreted as evidence that elasmobranchs in general have escaped fishing or other impacts.

Future research

The contrasts of historical and recent assemblages raise further questions that may identify fruitful

avenues of future research. More rigorous examination of abundance changes of individual taxa and

the implications of size changes between periods is explored in Chapter 4. Applying indices such as

mean  temperature  (Cheung  et  al.  2013),  mean  trophic  level  (Pauly  et  al.  1998)  or

piscivore/zooplanktivore  ratios  (Caddy and Garibaldi  2000) could  add ecological  insight  to  the

long-term assemblage comparisons. The use of additional survey and commercial datasets might

allow one to isolate the timing and better understand the drivers of some of the observed changes.

Together with a comprehensive spatio-temporal reconstruction of fishing effort, such interrogation

could go some way in clarifying past relationships between fishing pressures and the responses of

taxa or assemblages. Useful insight might also be gained by assessment of the relationships between

recent demersal catches and cumulative trawl pressures, as demonstrated by Foster et al.  (2015).

The  inclusion  of  historical  in  situ  and  hindcast  environmental  data  into  formal  statistical

frameworks may similarly clarify the role of temperature and other variables in  structuring the

demersal communities. 

As historical surveys used here do not appear to have consistently reported details of invertebrate

catches, it may be difficult to reconstruct a picture of pre-disturbed benthic habitat in areas that have

been trawled. Some of the historical records include remarks of the seafloor substrate (ascertained

by a sounding lead) and damaged nets or unusual catches of rocks or invertebrates. Collation of

those  records  into  a  geographic  information  layer  might  provide  a  useful  start  to  address  the

question of historical habitat distributions.

Conclusion

The  historical  survey  data  provide  valuable  insight  into  near-pristine,  temperate,  demersal

communities on the inshore Agulhas Bank and how they have changed. Much of this value was
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unlocked by the replication of surveys in 2015, which enabled quantitative comparisons of recent

demersal fish assemblages with their pre-disturbed state in 1903-1904. The comparison showed that

these assemblages have undergone striking changes between the beginning of the 20th century and

the present.

The severity of the assemblage reorganisation, relative to comparable investigations elsewhere, is

interpreted to be due to the near-pristine state of the historical community surveyed. The majority of

studies may miss the initial, and perhaps most dramatic, shifts in assemblage composition if they

lack baseline data collected prior to substantial exploitation. In the current study, these changes

included the depletion or virtual disappearance of previously dominant taxa that were not resilient

to  exploitation  and other  human pressures.  They were replaced to  some degree  by opportunist

species, frequently smaller, faster-growing generalists that withstood or even benefited from the

disturbances.  While  natural  population  fluctuations  may  have  partly  contributed  to  observed

changes, the majority of severe declines and substantial increases are attributed to fishing and other

human pressures.

Habitat preferences, as well as geographic and depth distributions, appeared to separate the taxa that

have declined from those that became more numerous. Over a century of commercial trawling is

expected to have altered epifaunal communities and reduced structural complexity on the sea-floor

(Engel  and Kvitek 1998; Auster and Langton 1999),  favouring taxa that  inhabit  unconsolidated

'soft-grounds' over those that prefer reef-like or more heterogeneous habitats. If substantial trawling

predates the baseline data, such potential habitat impacts would be (and probably have been) missed

in other similar studies.

Additional human impacts, including other fishing sectors, climate change and pollution may have

contributed to the state of the demersal assemblages investigated. Improved management of these

communities will require interventions that address impacts from multiple sources. MPAs can be an

effective management tool  to address multiple  pressures and safeguard resilient  assemblages of

non-mobile taxa (Bennett and Attwood 1991; Dayton et al. 2000; Micheli et al. 2012; Mellin et al.

2016), together with their critical habitats (Lindholm et al. 2001; Kritzer et al. 2016).
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Appendix: Supplemental tables and figures

Table  A2.  SIMPER results  showing the  contribution of  all  taxa towards  dissimilarity  between
periods. Average dissimilarity between periods was 81.7%. Standardised catches (count·nautical
mile-1) were square-root transformed prior to analysis.
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Taxon Ratio (D/sd)

Argyrosomus spp. 6.68 0.00 12.06 1.89 14.76
Pterogymnus laniarius 6.61 0.34 11.28 2.35 28.56
Austroglossus pectoralis 6.62 1.21 9.94 2.09 40.73
Chelidonichthys spp. 0.64 5.53 8.32 1.46 50.90
Argyrozona argyrozona 3.39 0.02 5.99 0.98 58.23
Trachurus trachurus 0.39 3.20 5.27 0.86 64.68
Squalus spp. 0.89 3.68 5.09 0.78 70.91
Merluccius capensis 1.06 2.72 3.74 1.29 75.49
Rhabdosargus globiceps 1.62 0.01 3.03 0.84 79.20
other 0.28 1.90 2.76 1.35 82.58
Galeichthys feliceps 0.03 1.69 2.61 0.62 85.77
Torpediniformes 1.27 0.11 2.17 0.94 88.43
Umbrina canariensis 1.25 0.03 2.13 1.21 91.03
Rajidae 1.25 1.35 2.12 1.60 93.63
Myliobatiformes 0.25 1.03 1.47 0.66 95.43
Cynoglossus spp. 0.42 0.78 1.17 0.97 96.87
Carcharhiniformes 0.20 0.47 0.77 0.98 97.81
Paracallionymus costatus 0.20 0.06 0.41 0.49 98.31
Atractoscion aequidens 0.29 0.02 0.39 0.51 98.78
Lithognathus lithognathus 0.17 0.00 0.27 0.64 99.11
Pomatomus saltatrix 0.17 0.00 0.26 0.51 99.43
Chrysoblephus gibbiceps 0.05 0.00 0.11 0.26 99.56
Genypterus capensis 0.07 0.00 0.1 0.36 99.69
Petrus rupestris 0.06 0.00 0.1 0.35 99.80
Polysteganus undulosus 0.06 0.00 0.08 0.30 99.90
Pachymetopon aeneum 0.03 0.01 0.07 0.25 99.99

Historical 
average

Re-survey 
average

Dissimilarity 
(D)

Cumulative 
contribution 

to D



Figure A3. Histograms contrasting historical and re-survey trawl sample a) mid-trawl times,  b)
months,  c)  trawl  distance  and d)  trawl  depths  for  the  data  used  in  analyses.  Vertical  red  lines
indicate mean values.
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Table A3. Site-disaggregated summary statistics (mean ± SD) for catches of all taxa analysed. CI Cape Infanta, MB Mossel Bay, BI Bird Island.

Taxon
CI MB BI CI MB BI

97.15 ± 76.36 35.02 ± 26.85 28.61 ± 25.7 0 ± 0 0 ± 0 0 ± 0
Argyrozona argyrozona 43.88 ± 57.75 24.84 ± 36.21 3.65 ± 7.63 0 ± 0 0 ± 0 0.05 ± 0.26
Atractoscion aequidens 0.12 ± 0.95 0.01 ± 0.04 0.96 ± 1.47 0 ± 0 0 ± 0 0.06 ± 0.21
Austroglossus pectoralis 71.06 ± 27.1 48.99 ± 28.06 24.64 ± 13.44 2.79 ± 2.39 2.23 ± 3 1.58 ± 2.55
Carcharhiniformes 0.06 ± 0.15 0.15 ± 0.17 0.13 ± 0.19 0.02 ± 0.11 0.26 ± 0.55 1.67 ± 1.11

2.09 ± 4.1 1.46 ± 4.76 0.34 ± 0.75 18.8 ± 9.87 16.73 ± 17.98 110.91 ± 92.2
Chrysoblephus cristiceps 0 ± 0 0.01 ± 0.03 0 ± 0 0 ± 0 0 ± 0 0 ± 0
Chrysoblephus gibbiceps 0.03 ± 0.16 0.1 ± 0.34 0.01 ± 0.06 0 ± 0 0 ± 0 0 ± 0

0 ± 0 0.28 ± 0.67 1.2 ± 0.87 0.39 ± 0.51 2.01 ± 2.26 1.08 ± 1.12
Galeichthys feliceps 0 ± 0 0.24 ± 0.96 0 ± 0 0 ± 0 0.59 ± 1.09 32.16 ± 33.53
Genypterus capensis 0 ± 0.03 0.02 ± 0.05 0.09 ± 0.23 0 ± 0 0 ± 0 0 ± 0
Lithognathus lithognathus 0.03 ± 0.08 0.09 ± 0.14 0.2 ± 0.33 0 ± 0 0 ± 0 0 ± 0
Merluccius capensis 2.75 ± 3.39 1.1 ± 1.18 1.67 ± 2.9 12.67 ± 6.7 16.73 ± 13.17 1.16 ± 1.79
Myliobatiformes 0.01 ± 0.04 0.19 ± 0.33 0.26 ± 0.19 0 ± 0 0.09 ± 0.24 12.86 ± 14.71
Pachymetopon aeneum 0 ± 0 0.03 ± 0.12 0.04 ± 0.12 0 ± 0 0 ± 0 0.03 ± 0.15
Paracallionymus costatus 0.04 ± 0.18 0.69 ± 1.26 0.07 ± 0.27 0 ± 0 0.08 ± 0.22 0.06 ± 0.21
Petrus rupestris 0.02 ± 0.07 0.06 ± 0.13 0.01 ± 0.06 0 ± 0 0 ± 0 0 ± 0
Polysteganus undulosus 0 ± 0 0 ± 0 0.13 ± 0.32 0 ± 0 0 ± 0 0 ± 0
Pomatomus saltatrix 0.01 ± 0.09 0.1 ± 0.19 0.29 ± 0.68 0 ± 0 0 ± 0 0 ± 0
Pterogymnus laniarius 52.55 ± 24.53 51.13 ± 30.62 46.02 ± 39.54 0.06 ± 0.2 0 ± 0 3.57 ± 9.43
Rajidae 2.38 ± 1.68 2.21 ± 1.35 0.91 ± 0.51 0.6 ± 0.76 1.63 ± 2.11 8.22 ± 5.46
Rhabdosargus globiceps 1.91 ± 1.81 19.89 ± 16.38 0.49 ± 1.18 0.03 ± 0.14 0 ± 0 0 ± 0

0.23 ± 0.39 1.59 ± 1.9 2.52 ± 2.92 0.09 ± 0.25 4.19 ± 14.49 130.31 ± 116.73
Torpediniformes 1.84 ± 1.53 5.38 ± 14.89 1.68 ± 1.28 0.03 ± 0.16 0.06 ± 0.19 0.24 ± 0.5
Trachurus capensis 0.03 ± 0.13 0.07 ± 0.11 1.71 ± 3.09 19.95 ± 28.34 31.26 ± 87.47 33.28 ± 78.86
Umbrina canariensis 1.59 ± 3.15 4.54 ± 7.81 2.41 ± 4.44 0 ± 0 0 ± 0 0.16 ± 0.67
other 0.01 ± 0.05 0.43 ± 0.46 0.33 ± 0.53 2.5 ± 4.61 3.1 ± 3.22 11.37 ± 7.23

Historical numbers (count·nautical mile -1) Re-survey numbers (count·nautical mile -1)

Argyrosomus spp.

Chelidonichthys spp.

Cynoglossus spp.

Squalus spp.



Chapter 4: Comparison of 1903/1904 and 2015 demersal fish abundances

on the inshore Agulhas bank

Abstract

Long-term changes in the abundances of 27 demersal fish taxa were investigated on the inshore

Agulhas Bank, using the same historical (1903/1904) and repeat (2015) trawl surveys described in

Chapter 3. Results focus on 11 taxonomic groups that were common either historically or in the

repeat  surveys.  The  null  hypothesis,  that  no  difference  existed  in  catch  abundances  between

historical and re-survey trawls, was tested using a non-parametric bootstrap approach. Historically

common taxa, most of them commercially valuable, showed large decreases between the historical

and  repeat  surveys.  These  included  kob  (Argyrosomus spp.,  absent  in  re-surveys),  panga

(Pterogymnus laniarius; 2.4% of historical abundance), east coast sole (Austroglossus pectoralis;

4.6%), carpenter (Argyrozona argyrozona; 0.1%) and white stumpnose (Rhabdosargus globiceps;

0.1%).  Large  increases  were  shown for  other  taxa,  which  included both  sought-after  and non-

targeted species. These included gurnards (Chelidonichthys spp.; 3 792% of historical abundance)

and horse mackerel (Trachurus capensis; 4 738%), while increases in spiny dogfish (Squalus spp.; 3

121%), hake (Merluccius capensis; 558%) and white sea catfish (Galeichthys feliceps; 13 863%)

were driven by significantly greater numbers at only one or two of the three sites. Analyses of

limited size information available confirmed expectations of reduced fish sizes in repeat surveys.

Benthic  habitat  preferences  appear  to  separate  taxa  that  have  declined  from  those  that  have

increased.  Long-term trawling  activity  likely  reduced seafloor  habitat  complexity  and modified

energy flow pathways,  benefiting  certain  taxa  but  costing  others.  Additional  factors  that  likely

influenced the success of populations during a century of exploitation, include their distribution

extent,  post-capture  discard  survival,  market  value  and  frequently-cited  reproductive  and  life-

history characteristics. Impacts of multiple fishing sectors are expected to have contributed to the

observed changes at these inshore sites. Disappearance from catches and substantial declines of

several  taxa,  including  the  iconic  and  once-dominant  kob,  and  valuable  east  coast  sole,  signal

substantial ecological consequences and economic losses.
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Introduction

Historical reference points contribute a critical component to the development of effective policy

advice on fisheries management and biodiversity conservation (Engelhard et al. 2016). Among other

benefits, they can provide valuable context to current ecological states or measures, describe the

potential productivity of undisturbed ecosystems and provide benchmarks against which long-term

change can be measured or the efficacy of management strategies evaluated. Estimates of unfished

species  abundances  provide  useful  diagnostics  and  priors  to  assess  or  constrain  fishery  stock

assessment models (Hilborn and Walters 2001) and inform the choice of baseline conditions used in

ecological models (e.g. Mackinson 2001; Watermeyer et al. 2008; Travers et al. 2010).

Despite the importance of baselines and an understanding of subsequent change, obtaining such

information  from  the  sparsely-sampled  marine  environment  is  challenging.  Historical  marine

ecology  frequently  requires  innovative  strategies  to  piece  together  coherent  evidence  from  a

divergent range of sources (e.g. Ravier and Fromentin 2001; Lotze and Milewski 2004; Holm 2005;

Rosenberg et al. 2005; Lotze et al. 2006; Callaway et al. 2007; Ferretti et al. 2008; Last et al. 2011;

Barausse et al.  2014; Jones et al.  2015). This is because the era of systematic and standardised

marine surveys typically post-dates widespread fishery and other anthropogenic impacts. It is rare

for  ecologists  to  rediscover  a  cache  of  historical  marine  survey  records  that  detail  ecological

samples in a comparable manner to contemporary practices. It is far more rare that such records

capture a snapshot of the marine ecosystem in a relatively undisturbed state, as was the case with

the earliest trawl surveys in South Africa.

Baselines prior to extensive fishing pressure

A number of studies have investigated changes in demersal fauna by contrasting historical trawl

survey records among or between periods  (e.g. Greenstreet and Hall 1996; Rijnsdorp et al. 1996;

Greenstreet et al. 1999; Dulvy et al. 2000; Rogers and Ellis 2000; Genner et al. 2004; McHugh et al.

2011; Heath and Speirs 2012), but only a few had access to records from before or during the initial

stages  of  exploitation  (e.g.  Silvestre  et  al.  1986;  Harris  and Poiner  1991;  Andrew et  al.  1997;

Graham et al. 2001; Kongprom et al. 2003). The latter studies have generally revealed substantial

changes in the abundances and sizes of trawl-caught fauna, markedly more severe than seen in

many of the investigations that document changes from areas that had been exposed to previous

trawl impacts for decades or centuries.

In a repeat survey 20 years after the development of a trawl fishery off New South Wales, Andrew

et al.  (1997) and Graham et al.  (2001) showed substantial decreases in the catch rates of targeted
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and non-targeted taxa. The pooled catch rates for sharks and rays had decreased to 20% of their

values in the initial survey (Graham et al. 2001), whereas all taxa combined had declined to 32%

(Andrew et al. 1997). In some areas, the previously dominant redfish (Centroberyx affinis) was <5%

of initial catches (Andrew et al. 1997). Most species for which sufficient size data were available

showed marked declines in the numbers of larger individuals (Andrew et al. 1997).

In the Gulf of Carpentaria in northern Australia, Harris and Poiner  (1991) compared 1985/1986

repeat  surveys  with  initial  trawl surveys  conducted  in  1964,  before  initiation of  a  prawn trawl

fishery.  Overall  the  catch  rate  declined  by more  than half.  Eighteen taxa declined,  including a

previously abundant taxon (Paramonacanthus spp.) that had decreased 500 times, whereas 12 taxa

increased in abundance (Harris and Poiner 1991).

Although Klaer  (2001) did not make use of trawl surveys, he had access to remarkably detailed

commercial catch data from the south east trawl fishery in Australia, including early records (1918-

1923)  collected  shortly  after  commercial  trawling  started  there  in  1915.  The  data  resolution

included trawl-by-trawl  catches  and even the  quantity  of  discarded fish during  certain  periods.

Contrasted against later periods in the 1930s, '40s and '50s, the catch rates showed a strong decline

over time despite improvements in fishing technology and progressive expansion into deeper and

more distant trawl grounds. By the 1950s, two species that had been common in early catches had

virtually disappeared and the primary target species, tiger flathead (Neoplatycephalus richardsoni),

had suffered alarming declines  (Klaer 2001). Fishing impacts, both direct (removal of fish) and

indirect  (modification  of  benthic  habitat),  were  suggested  as  likely  drivers  of  the  most  severe

changes.

A trawl fishery developed in the Philippines from 1945 onwards. Silvestre et al.  (1986) examined

changes in standardised trawl catches between 1947 and 1981. Although individual taxa were not

analysed, their results showed that demersal stocks had declined to 31% of those available during

early  years  of  the  fishery.  This  was  averaged across  all  areas  and was  likely  far  worse  in  the

nearshore traditional fishing grounds where effort  was concentrated  (Silvestre et  al.  1986).  The

authors concluded that demersal stocks were heavily depleted as a result of over-fishing.

In the Gulf of Thailand, trawling was introduced in 1960. Kongprom et al. (2003) investigated the

status  of  its  demersal  fishery  using trawl survey data  collected  between 1961 and 1995.  Their

estimates of demersal biomass had declined to 8.2% of the levels at the start of the time-series,

driven by large declines across the dominant species groups. They noted that Dasyatidae, which

were the most numerous taxon in 1966 (8.15% of  assemblage composition by mass),  declined

especially quickly  (Kongprom et al. 2003). The authors concluded that demersal resources were
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severely overfished and suggested that fishing capacity was approximately 50% higher than a level

that would result in maximum yield.

A reduction in fish sizes is a common indicator of fishing pressure (Andrew et al. 1997; Shin et al.

2005; Yemane et al. 2008; Heath and Speirs 2012). Several studies that have assessed trawl survey

catches between or amongst periods have documented declines in the sizes of taxa over time (e.g.

Rijnsdorp et al. 1996; Andrew et al. 1997; Cardinale et al. 2009, 2012) or pronounced abundance

declines of larger taxa  (Dulvy et al. 2000; Rogers and Ellis 2000; Heath and Speirs 2012), both

indicative of fisheries impacts.

Long-term change on South Africa's south coast

In South Africa, the few investigations that have examined long-term changes in catch abundances

have mostly focused on line-caught species. When contrasting contemporary data with those from

the  mid-  and  early-20th century,  cases  of  alarming  declines,  including  virtual  disappearance  of

previously common taxa, were shown on the south and east coasts of South Africa (Penney et al.

1989, 1999; Van der Elst 1989; Attwood and Farquhar 1999; Griffiths 2000). Catch rates from the

inshore Agulhas Bank suggested 75-99% declines for several important linefish species during the

20th century  (Griffiths 2000). An expectation of the expanding fishing pressures over this period

would include a reduction of average sizes of fish (Shin et al. 2005; Yemane et al. 2008). Yemane et

al.  (2004) showed  evidence  of  decreased  sizes  for  seven  out  of  12  line-caught  fish  species

contrasted  between  two  historical  (1897-1906;  1927-1931)  and  one  contemporary  (1986-1998)

period on South Africa's south coast.

The investigations in this chapter rely on the same experimental design and datasets introduced in

Chapter 3, where the focus was on long-term changes in the composition of the catch. While those

multivariate analyses are typically more sensitive to change than univariate methods (Warwick and

Clarke 1991), they did not detail abundance changes of individual taxa. The aim of this chapter is to

provide a more in-depth and robust assessment of individual taxa, to examine their changes across

the three inshore sites and estimate their current states relative to undisturbed baselines. To do so,

long-term changes  in  catch abundances  were assessed by testing the null  hypothesis  that  catch

abundances remained unchanged. Where possible, changes in size frequencies were also assessed

between the historical (1903/1904) and repeat (2015) surveys. Results from these analyses were

interpreted in terms of the existing knowledge of the biology, ecology and exploitation history of

the relevant taxon.
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Methods

To  avoid  duplication  of  information  from  previous  chapters,  the  methods  detailed  below  are

predominantly those unique to this chapter. Descriptions of the site and sample selection strategy,

fieldwork undertaken,  datasets  used,  data  preparation,  methods used to  standardise catches  and

taxonomic  resolution  available  for  analyses,  are  detailed  in  the  Methods  section  of  Chapter  3.

Described below are the methods used to determine fieldwork sample sizes and analyses conducted

in comparisons of abundance and fish sizes between survey periods. All data manipulations and

analyses were conducted in the R programming environment (R Core Team 2016).

Determining sample size

Power analyses were used to assess the number of samples needed in repeat surveys. The objective

was  to  estimate  the  sample  size  required  to  statistically  detect  abundance  changes  of  certain

magnitudes  between  surveys.  The  historical  survey data  were  used  as  modern  surveys  employ

substantially different trawl gear and speeds and are thus expected to have notably different fishing

performances. The employed approach used generalised linear models (GLMs) in a Monte-Carlo

simulation framework, similar to that of De Vos et al.  (2014). A GLM was fitted to the historical

catches as follows:

ln (μi)=ln (dur i)+β0 +β1∗sitei +β2∗depthi+ϵi (1)

where  μi  represents the catch response variable (count of fish) for trawl sample  i ,  duri  is the

trawl duration included as an offset,  β0  is the estimated intercept,  β1  and  β2  are the estimated

coefficients for site and depth effects respectively, and ϵi  represents the error term (residuals).

The GLM in (1) was initially fitted assuming a Poisson distribution. If the variance of the response

was greater than that assumed by the model, as indicated by a test of over-dispersion (Cameron and

Trivedi  1990),  a  quasi-Poisson  distribution  was  fitted  instead.  A  quasi-Poisson  distribution

essentially adjusts the variance estimates of the model coefficients (and hence p-values) using the

estimated dispersion parameter.  The over-dispersion test  used a 0.05 significance level and was

applied using the AER package (Kleiber and Zeileis 2008).

A simulated 're-survey' dataset of N  samples at each site was constructed. This included covariates

depth, sampled randomly with replacement from the historical data, and duration, consisting of a

randomly-generated normal distribution with mean of 30 minutes and standard deviation of three

minutes. The simulated covariates and a 'site' category were used together with the fitted model

from Equation 1 to  predict  a  set  of  response values,  which were multiplied by a  constant  that

represented an assumed population increase or decrease. Using these adjusted predictions (and the
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dispersion  parameter  in  quasi-Poisson cases),  random Poisson (or  quasi-Poisson)  deviates  were

generated during 1000 Monte-Carlo simulations. A second GLM was fitted during each iteration,

using the combined dataset of historical and simulated 're-survey' records, this time including a

period covariate:

ln (μ i)=ln (dur i)+β0 +β1∗sitei +β2∗depthi+β3∗periodi +ϵi (2)

where β3  is the estimated coefficient of the period effect.

The power of the test was estimated as the proportion of 1000 pseudo-datasets for which the GLM

(Equation 2) could detect a period effect with a p-value ≤0.01. These simulations were repeated for

a range of plausible population changes (between 1% and 300% of historical catches) and different

sample sizes at each site ( N={5, 10,15,. .. 40} ). A threshold of adequate power was judged as β

=0.8. Results were visually examined on plots of the statistical power versus percentage change in

the catch response.

Comparisons of abundance

The analyses of abundance changes focused on taxa that contributed ≥5% to catches at a site during

either period. Although statistical results for the remaining taxa are provided, only notable points

are highlighted. Comparisons between the historical and recent re-surveys relied on catch data that

were  standardised  by  the  distance  of  the  trawl  tow,  as  detailed  in  Chapter  3.  Catches  were

standardised by swept  area for  the plots  that  included Department  of Agriculture,  Forestry and

Fisheries (DAFF) survey data from recent decades, as detailed in Chapter 3. 

The  DAFF  data  are  not  directly  comparable  to  the  historical  and  re-survey  catches,  due  to

substantial  differences in trawl gear and methods used to collect them. Therefore they are used

conservatively, predominantly to support interpretation, but not to test hypotheses. DAFF trawl gear

was altered in the mid-2000s, as explained in Chapter 3 and detailed by Atkinson et al. (2011b). As

that  change in  gear might have influenced the fishing performance and selectivity  among taxa,

DAFF 'old  gear'  (1986-2003;  2006)  and  'new gear'  (2004-2005;  2007-2015)  data  were  treated

separately unless specified otherwise.

Scatterplots were used to contrast the trawl samples and their mean values between periods, by site

and for the three sites combined. Combined-site statistics were calculated as means of individual

site statistics to avoid bias from unbalanced trawl sample numbers. Non-parametric 95% confidence

intervals were constructed as the 2.5th and 97.5th percentile of 10 000 mean values calculated from

bootstrap samples that were selected with replacement from the underlying data.
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Various statistical approaches were investigated to assess significance of the period effect, including

the use of generalised least squares, linear mixed-effects models and generalised linear models.

None of these parametric approaches fitted the data of all 27 species (or even the majority) to a

satisfactory degree. As there were too many taxa to allow detailed model exploration, selection and

diagnostics  across  multiple  approaches,  results  were  limited  to  a  non-parametric  bootstrap

approach.

For each taxon, an equal-tail bootstrap test (Equation 4 in MacKinnon 2009) was used test the null

hypothesis  that  there  was  no  difference  in  standardised  catch  between historical  and re-survey

periods. The difference between periods (re-survey-historical) was used as the test statistic. A null

distribution of the test statistic was constructed from 9 999 pseudo-datasets, in which within-site

assignments of 'period' had been randomly shuffled without replacement. This approach estimates

the  probability  of  observing  a  test  statistic  (mean  difference  between  re-survey  and  historical

catches) as extreme as that observed, assuming that historic and re-survey trawl samples emanate

from the same null distribution.

Comparisons of size structure

Historical  size  information  was only available  for  three  taxa  (Argyrosomus spp., Austroglossus

pectoralis and  Merluccius capensis), where their catches were specified to size-categories 'small'

and 'large'. Boundaries between the size categories were 33 cm (13 inches) for A. pectoralis and 61

cm (24 inches) for the other two taxa. Fisher's exact test was used to test the null hypothesis that

summed frequencies of small and large individuals remained the same between periods (Zar 1999). 

Attempts were made to use the limited historical size information to convert catches by number into

catches by weight. To enable such conversions, length measurements of individual fish are needed,

or assumptions have to be made to attain a mean length of fish caught. Published growth equations,

length-weight relationships and mortality rates, together with estimated gear selectivity factors were

used to estimate a mean weight for each (small/large) size class. However, as those results appeared

unlikely and could not be verified, they were not included here but are outlined in Appendix B.

Long-term differences in context of short-term variability

Neither  historical  nor  re-survey datasets  included records  from multiple  years at  the same site.

Therefore comparisons between periods cannot account for interannual fluctuations in catches. To

examine the potential impact of this shortcoming, DAFF survey data were used as a proxy, from

which  the  magnitude  of  short-term  (seasonal/interannual/multi-year)  variability  was  estimated.

Contrasted against the change between historical and re-survey periods, an indication is provided of
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whether the magnitude of long-term differences might be matched or exceeded by typical short-

term changes in trawl catches. As the DAFF data are not directly comparable to historical/re-survey

data (due to gear differences), this approach was not formalised as a statistical test, but provides a

graphical guide to support interpretations.

The absolute difference between pairs of samples were calculated at each site. The historical-re-

survey pairs were chosen as 500 randomly selected samples (with replacement) from each period.

DAFF samples were stratified by their  temporal proximity to each other,  so that the difference

between pairs of seasonal (>1 month and <12 months), interannual (≥12 months and <18 months)

and multi-year (≥18 months but ≤60 months) samples could be calculated. As sample sizes were

generally small for the DAFF data, all possible pairwise contrasts were included and data from both

'old'  and  'new'  trawl  gear  were  combined.  Swept-area  standardised  catches  (count.nm -2;  values

typically ≥1 000s) were log-transformed [ln(x+1)] prior to calculation of differences, to account for

abundance-variance  relationships  that  might  overwhelm  the  comparison.  Bias  due  to  gear

differences are expected to inflate the variability measured from DAFF samples, but in most cases,

such an effect  is  expected to  be small  relative to  the temporal  variability  among samples.  The

magnitude  of  differences  were  visually  contrasted  using  their  mean  and  bootstrapped  non-

parametric 95% confidence intervals.

Additional historical data

At the same time as the historical survey data used throughout this thesis were digitised, additional

trawl  survey  records  from  the  1920s,  '30s  and  '40s  were  digitised.  As  these  data  might  add

information on the timing of abundance changes, they were included as an additional period in

contrasts  of  abundances  among  survey  periods.  Trawl  records  located  within  the  study  areas

belonged predominantly to surveys performed by the 'Africana', a government research vessel that

conducted surveys around the coast of southern Africa between 1931 and 1949. Different-sized

trawl nets  were used on board the Africana over time,  but  analyses were restricted to  samples

collected by a single set of gear, namely an 18.3 m (60 ft) headline otter trawl net made of Manila

hemp. The net was of comparable design, but one-third smaller and used a smaller cod-end mesh

size (70 mm vs 96 mm), to that of the early Granton trawl net used in the initial  (1897-1906)

research  surveys.  Design  details  of  the  Africana  net  are  provided  in  von  Bonde  (1933).  The

selection  of  trawl  samples  from survey sites  and standardisation  of  catches  followed the  same

protocol applied to the DAFF trawl survey catches (Chapter 3). The gear restriction and selection of

samples resulted in the use of data collected between 1931 and 1934, hence they are referred to as

'1930s data/catches' in text and abbreviated to 'H3' in figures.
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Results

Examination of power analyses results across all taxa, together with a multivariate assessment of

precision with increasing sample sizes (Chapter 3), led to a target of 25 re-survey samples per site.

Sample sizes of 20-25 trawls were deemed sufficient to detect catch rate changes in the order of ±

50% for several common taxa. A reduction in power at large catch declines (≥90%) and insufficient

power (<0.8) for declines of rare taxa indicated that the GLM might not perform well for species

that  had  many  zero  catches.  Examples  of  the  figures  produced  during  the  power  analysis  are

provided in Appendix A.

The sequence of taxa reported in tables (and discussed below) follows the order of their average

historical abundance, with explicit  focus on taxa that contributed  ≥5% of catches at one or more

sites during either period. Contrasting average catch abundances between periods showed that eight

of the 27 taxa were absent from repeat surveys, eight others were caught in substantially reduced

numbers  (<20%)  compared  to  historical  surveys,  and  a  further  eight  taxa  were  caught  in

substantially greater numbers (>5 times) than historically (Table  8). The bootstrap tests provided

convincing evidence (p<0.0001) to reject the null hypothesis of equal CPUE between periods for 21

taxa (Table 8). Eleven of those showed a decrease in CPUE between periods and ten had increased.

Two rare taxa and the entire chordate catch combined showed no statistical evidence of changes in

abundance (Table 8).

Argyrosomus spp. (kob)  was  the  dominant  taxon caught  historically,  both  at  Cape Infanta  and

averaged  across  the  three  sites  (contributing  26% to  total  abundances).  Of  the  156  historical

samples included in analyses, only one trawl (at Mossel Bay) resulted in a zero catch for this taxon.

All 73 re-survey trawls yielded zero  Argyrosomus spp. individuals (Fig  17a). A large proportion

(91%) of the historical Argyrosomus spp. catch consisted of large fish (≥61 cm; Fig 18a).

Re-survey  catches  of  Pterogymnus  laniarius (panga)  were  drastically  lower  than  in  historical

surveys, constituting about 2.4% of historical CPUE on average (Table 8; Fig 17b). This decrease

was consistent across sites and highly significant. P. laniarius were caught in every historical trawl

but occurred in only 13 (17.8%) of the re-survey trawls.

The decrease in standardised catch of Austroglossus pectoralis (east coast sole) was comparable to

that of P. laniarius (Table 8; Fig 17c). Average re-survey CPUE of A. pectoralis represented 4.6%

of its historical level. Records were differentiated by size only at Bird Island historically, where they

were made up of predominantly large individuals (88.4%; ≥33 cm; Fig  18b). The proportion of

large fish in the Bird Island re-survey (69.1%) appeared comparable to the historical figure, yet the

proportions  of  small  and large  individuals  were  statistically  different  between periods  (Fisher's

89



exact  test;  p<0.01).  Re-survey  catches  at  the  two  western  sites  were  dominated  by  small

individuals,  so  that  averaged across  the  three  sites  there  were  fewer  large  (27.3%) than  small

individuals.  A clear  decreasing  west-to-east  gradient  in  A.  pectoralis numbers  was  seen  in  the

historical data (Fig 17c).

Table 8. Results of the non-parametric bootstrap approach contrasting historical (H) and re-survey
(R) standardised catches (count·nautical mile-1). Lower and upper confidence limits (LCL and UCL
respectively) were estimated as 2.5th and 97.5th percentiles of 10 000 bootstrap samples. Taxa were
ordered by decreasing historical abundances. An equal-tail bootstrap test (MacKinnon 2009) was
used to assess the probability that observed differences between periods were chosen from the same

distribution. ns p>0.05, . p≤0.05, * p≤0.01, ** p≤0.001, *** p≤0.0001;

90

Taxon
Bootstrap medians (95% confidence limits) Difference (R-H) Bootstrap test

H R LCL UCL p-value

53.08 (46.38 - 60.81) 0.00 (0 - 0) -60.81 -46.38 0.0 < 0.0001 ***

Pterogymnus laniarius 49.51 (44.6 - 54.62) 1.16 (0.22 - 2.67) -53.52 -43.15 2.4 < 0.0001 ***

Austroglossus pectoralis 47.85 (44.12 - 51.6) 2.18 (1.64 - 2.82) -49.45 -41.88 4.6 < 0.0001 ***

Argyrozona argyrozona 23.78 (18.18 - 30.34) 0.02 (0 - 0.05) -30.30 -18.15 0.1 < 0.0001 ***

Rhabdosargus globiceps 7.35 (5.8 - 9.07) 0.01 (0 - 0.03) -9.06 -5.79 0.1 < 0.0001 ***

Torpediniformes 2.85 (1.68 - 4.57) 0.11 (0.04 - 0.19) -4.48 -1.57 3.7 < 0.0001 ***

Umbrina canariensis 2.78 (2.06 - 3.83) 0.05 (0 - 0.16) -3.78 -2.00 1.9 < 0.0001 ***

Merluccius capensis 1.82 (1.44 - 2.24) 10.14 (8.41 - 12.21) 6.53 10.44  558 < 0.0001 ***

Rajidae 1.82 (1.63 - 2.02) 3.47 (2.74 - 4.29) 0.90 2.49  191 < 0.0001 ***

1.43 (1.14 - 1.77) 44.34 (31.12 - 62.2) 29.68 60.78 3 121 < 0.0001 ***

1.26 (0.78 - 1.93) 48.76 (36.79 - 61.63) 35.50 60.31 3 792 < 0.0001 ***

Trachurus trachurus 0.59 (0.35 - 0.89) 27.44 (14.15 - 45.7) 13.59 45.06 4 738 < 0.0001 ***

0.49 (0.39 - 0.59) 1.15 (0.85 - 1.52) 0.34 1.05  238 < 0.0001 ***

Atractoscion aequidens 0.36 (0.23 - 0.52) 0.02 (0 - 0.05) -0.51 -0.21 5.7 < 0.0001 ***

Paracallionymus costatus 0.26 (0.15 - 0.4) 0.05 (0.01 - 0.09) -0.36 -0.09 18.1 0.0032 *

other 0.25 (0.19 - 0.32) 5.65 (4.51 - 6.88) 4.25 6.63 2 225 < 0.0001 ***

Myliobatiformes 0.15 (0.12 - 0.19) 4.23 (2.61 - 6.47) 2.46 6.33 2 866 < 0.0001 ***

Pomatomus saltatrix 0.13 (0.08 - 0.2) 0.00 (0 - 0) -0.20 -0.08 0.0 < 0.0001 ***

Carcharhiniformes 0.11 (0.09 - 0.14) 0.65 (0.49 - 0.82) 0.38 0.71  586 < 0.0001 ***

Lithognathus lithognathus 0.11 (0.08 - 0.14) 0.00 (0 - 0) -0.14 -0.08 0.0 < 0.0001 ***

Galeichthys feliceps 0.07 (0 - 0.19) 10.77 (6.83 - 15.75) 6.75 15.69 13 863 < 0.0001 ***

Chrysoblephus gibbiceps 0.05 (0.02 - 0.09) 0.00 (0 - 0) -0.09 -0.02 0.0 0.0072 *

Polysteganus undulosus 0.04 (0.02 - 0.07) 0.00 (0 - 0) -0.07 -0.02 0.0 0.0022 *

Genypterus capensis 0.04 (0.02 - 0.06) 0.00 (0 - 0) -0.06 -0.02 0.0 < 0.0001 ***

Petrus rupestris 0.03 (0.02 - 0.05) 0.00 (0 - 0) -0.05 -0.02 0.0 0.0002 **

Pachymetopon aeneum 0.02 (0.01 - 0.04) 0.01 (0 - 0.03) -0.04 0.01 46.4 0.3704 ns

Chrysoblephus cristiceps 0.00 (0 - 0.01) 0.00 (0 - 0) -0.01 0.00 0.0 0.7905 ns

All chordates 196.7 (183.2 - 211.2) 161.9 (136.1 - 189.4) -64.7 -4.0 82.3 0.0572 ns

Remain-
ing %

Argyrosomus spp.

Squalus spp.

Chelidonichthys spp.

Cynoglossus spp.



Figure 17. Scatterplots of standardised catches for common taxa that decreased on average between
historical  (H)  and  re-survey  (R)  trawls.  The  observed  mean  and  95%  confidence  intervals
(estimated by bootstrap) are indicated in black. The three sites are plotted separately (on right) and
combined (on left); CI Cape Infanta, MB Mossel Bay, BI Bird Island. Red numbers indicate the
mean. Symbols indicate significance of equal-tail bootstrap tests of period differences. ns p>0.05, .
p≤0.05, * p≤0.01, ** p≤0.001, *** p≤0.0001
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Figure  18.  Similar  to  Fig  17 except  that  catches  were  separated  into  small  (S)  and  large  (L)
categories for a) Argyrosomus spp., b) A. pectoralis and c) M. capensis. Historical catches are grey,
re-survey blue. S/L ratios indicated for each period. S/L boundaries were 33 cm for  A. pectoralis
and 61 cm for the two larger taxa.  A. pectoralis size data were available only at Bird Island. CI
Cape  Infanta,  MB  Mossel  Bay,  BI  Bird  Island.  Size  category  frequencies  were  significantly
different between periods (Fisher's exact test;  p<0.01) for b) and c), both for individual sites and
when combined.

Only  three  Argyrozona argyrozona (carpenter  seabream)  individuals  were  caught  during  repeat

surveys, in a single trawl at Bird Island, which represents a highly significant decrease to less than

0.1% of the historical CPUE (Table 8; Fig 17d). As with A. pectoralis there was a notable west-to-

east decrease in historical standardised catches of A. argyrozona.

Rhabdosargus  globiceps (white  stumpnose)  were  historically  caught  in  substantial  numbers  at

Mossel Bay, making up 10% of the total catch numbers there (Fig  17e). A single individual was

caught throughout the 73 re-survey trawls, indicating a highly significant decrease (Table 8). The
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DAFF survey catches indicate that R. globiceps is occasionally encountered within the survey sites,

but in much lower numbers than were caught during historical surveys (Appendix A).

Standardised catches of Merluccius capensis (shallow water hake) increased significantly between

historical  and repeat  surveys  at  the western  two sites  and overall  (Fig  19d).  Historical  catches

consisted of predominantly 'large'  (≥61 cm)  M. capensis individuals,  whereas  re-survey catches

consisted  of  substantially  smaller  individuals  (97%  of  which  were  <40  cm  in  length).  The

proportions of small and large fish were very different between periods at all three sites (Fisher's

exact test; p<0.0001), as illustrated by the change of mean small:large ratio from 0.20 historically to

1 130 in the re-surveys (Fig 18c).

Catches of Squalus spp. (spiny dogfish) were on average 31.2 times higher in the re-survey than in

historical surveys. The contrast between periods was driven mostly by large re-survey catches at

Bird Island, whereas abundances remained similar at the two western sites (Fig 19b). Contrasting

the ratio of standardised catches between Bird Island and the other sites with that of recent DAFF

data, indicates that Bird Island re-survey catches of Squalus spp. were abnormally high (Appendix

A): The 2003-2015 DAFF 'new' net catch rates of Squalus spp. averaged 2.9 times higher at Bird

Island than the mean of the other two sites, whereas the equivalent ratio for re-survey samples was

61.

Chelidonichthys spp. (gurnards) made up a small proportion (<1%) of the historical catch numbers.

Their re-survey catch abundances increased at all three sites, averaging 37.9 times greater than in

historical  surveys  (Table  8;  Fig  19a).  Inspection  of  DAFF trawl survey data  indicate  that  high

catches of this species at Bird Island (6.3 times the mean of the other two sites) appear not to be a

survey-specific anomaly. The recent ('new' net) DAFF catches of  Chelidonichthys spp. similarly

averaged 7.3 times higher at Bird Island than at the two other sites (Appendix A).

Trachurus capensis (Cape horse mackerel) re-survey catches were substantially greater in number

than historical catches at all three sites (47.4 times on average), resulting in a highly significant

period effect  (Table  8;  Fig  19c).  T.  capensis made up only 0.4% of  the historical  abundances,

whereas their increased numbers in the repeat surveys contributed a substantial (16.4%) proportion.

Considering their maximum size (~52 cm; Hecht 1990) the re-survey catches were mostly made up

of relatively small (15-25 cm) individuals, whereas the lengths in historical catches are unknown.
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Figure 19. Same as Fig 17, but contrasting common taxa that increased on average between periods.
CI Cape Infanta, MB Mossel Bay, BI Bird Island.

Mixed taxa, recorded as the category 'other fish', included species rarely encountered and of no

economic  interest  in  the  historical  period.  The  standardised  catches  of  this  multispecies  group

increased at each of the three sites (Fig 19f). Whereas this group of taxa contributed an average of

5.1% in the re-surveys, they made up≤0.3% historically. The recent catches were predominantly
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made up of St Joseph shark (Callorhinchus capensis;  51.2%) and the small scalybreast gurnard

(Lepidotrigla faurei; 19.4%).

In the historical surveys, Galeichthys feliceps (white sea catfish) were caught in very low numbers

only at Mossel Bay (Fig 19e). Their re-survey standardised catches at Mossel Bay were similar to

historical levels, but far greater at Bird Island, increasing average CPUE across sites to a level 139

times  higher  than  the  historical  average.  Examination  of  DAFF survey  catches  of  G.  feliceps

(Appendix A) suggested that the large re-survey catches at Bird Island were anomalously high.

Of the remaining taxa contributing relatively minor proportions of the catches, abundance decreases

were shown for Torpediniformes, the croakers (Sciaenidae) Umbrina canariensis and Atractoscion

aequidens,  seabreams Lithognathus  lithognathus, Polysteganus  undulosus,  Chrysoblephus

gibbiceps and  Petrus  rupestris,  as  well  as  Paracallionymus  costatus,  Pomatomus  saltatrix  and

Genypterus capensis (Table  8).  On average,  greater  catches  were recorded in  the re-survey for

Rajidae,  Myliobatiformes,  Cynoglossus spp. and  Carcharhiniformes  (Table  8).  Most  of  these

average increases (Rajidae, Myliobatiformes, Charcharhiniformes) were driven predominantly by

large catches at Bird Island.

The taxa for which there was no evidence of overall changes in abundance included two rarely-

caught seabreams, Pachymetopon aeneum and Chrysoblephus cristiceps (Table 8). The CPUE of all

taxa combined was also similar when averaged over the three sites, but different within each site:

the two western sites (Cape Infanta and Mossel Bay) showed depleted re-survey catches (21-40%)

relative  to  historical  records,  whereas  the  Bird  Island  re-survey caught  almost  three  times  the

historical CPUE.

Contrasting  short-term  variability  among  DAFF  samples  with  the  long-term  changes  between

historical  and  repeat  surveys,  showed  that  for  the  majority  of  cases  highlighted  above,  the

magnitude  of  short-term differences  in  recent  DAFF  surveys  were  smaller  than  the  long-term

differences between historical and repeat surveys (Figs 20, 21). For taxa such as Argyrosomus spp.,

P. laniarius, A. pectoralis, Chelidonichthys spp. and M. capensis, this was the case across sites. For

other  taxa,  such  as  A.  argyrozona,  R.  globiceps,  T.  capensis and  Squalus spp.,  the  short-term

changes were of similar or greater magnitude to the long-term differences at one or two sites. This

tended to occur at sites where both historical and re-survey catches were relatively low, resulting in

comparatively small  differences between periods.  An exception was  T. capensis at  Bird Island,

where the mean magnitude of seasonal and multi-year changes in DAFF survey data were similar to

the long-term differences, despite the highest re-survey catch rate occurring at that site (Figs 19c,

21c).
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Figure 20. Scatterplot of difference between pairs of randomly chosen samples from historical and
repeat surveys (Hist-Res; N=500 for each site) and all possible combinations of DAFF samples that
were separated by ≥1 month but <12 months (DAFF.sn), ≥12 months but <18 months (DAFF.int)
and  ≥18  months  but  ≤60  months  (DAFF.my).  Swept-area  standardised  catches  were  log-
transformed [log(CPUE+1)] prior to calculations. Taxa, colour and symbols same as for Fig 17.
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Figure 21. Same as Fig 20, but for the 'increasing' taxa that were included in Fig 19.
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Discussion

It is evident that trawl-caught fish abundances changed substantially from 1903/1904 to 2015 and

that  sizes declined over the same period.  Evidence to reject  the null  hypothesis  of equal  catch

abundances between periods was present for 25 of 27 taxa. Species that historically dominated the

research survey catches (Argyrosomus spp., P. laniarius, A. pectoralis) were reduced to between 0

and 4.6% of their historical catch rates. The abundances of certain other taxa (e.g. Chelidonichthys

spp., T. capensis, Squalus spp., M. capensis) increased between periods.

Due to reductions in  fish sizes that  accompany fishing pressures  (Fig  18;  Andrew et  al.  1997;

Bianchi et al. 2000; Yemane et al. 2008; Heath and Speirs 2012), decreases in biomass are expected

to be more severe than those by number for most species that have declined.  Due to the same

expectation of reduced sizes, abundances that have increased are likely exaggerated compared to

what a contrast of mass would show. The notable changes in abundance and size have resulted in

remarkably different demersal assemblages from those encountered historically, as was shown in

Chapter 3.

Argyrosomus spp.

The  most  striking  difference  between  historical  and  repeat  surveys  was  the  recent  absence  of

previously dominant  Argyrosomus spp. (Fig  17a). The historical surveys showed that all but one

trawl included Argyrosomus spp. and that this taxa contributed over a quarter of the catch numbers

on average.  The vast majority (90%) of those caught were relatively large (≥61 cm in length),

suggesting that their contribution to the fish catch was likely greater by mass than by number. Their

absence in repeat surveys did not allow comparison of size classes between periods. However, a

mean pre-discard length of 43.6 cm reported from the inshore trawl fishery (Attwood et al. 2011),

which uses similar mesh sizes on fishing grounds surrounding the survey sites, appears substantially

smaller than the historical sizes caught. The consistent, large catches of large-sized  Argyrosomus

spp. caught  historically  are  difficult  to  imagine  for  contemporary  fishers  and  scientists,

demonstrating  the  value  of  historical  information  to  counter  shifting  baselines  (Pauly  1995).

Evidence presented here supports previous studies  (Griffiths 1997b, 2000) that have highlighted

drastic  declines  of  these  sought-after,  iconic  predators.  The  two  other  Sciaenidae  included  in

analyses (Atractoscion aequidens and Umbrina canariensis) also showed significant declines.

The majority  of  local  trawl-caught  Argyrosomus spp. are  assumed to  be  A.  inodorus (Griffiths

1997b),  although  it  is  uncertain  what  proportion  A.  japonicus might  have  contributed  to  the

remarkable historical catches.  Using per-recruit models based on data collected on South Africa's

98



south coast in the early 1990s, Griffiths (1997b) estimated spawner biomass per recruit values to be

between 2.9 and 12.5% of pristine levels and concluded that A. inodorus stocks were heavily over-

exploited.  While  such per-recruit  analyses  rely  on  assumptions  that  are  in  most  cases  violated

(Attwood 2003), they provide useful first order approximations of stock dynamics in the absence of

data required for more detailed stock assessments (Butterworth et al. 1989). Investigation of long-

term commercial catch rates supported a substantial decline, suggesting that CPUE towards the end

of  the  20th century  was  <10% of  historical  levels  (Griffiths  2000).  Donovan  (2010) showed a

continued decline of  A. inodorus CPUE between 1985 and 2007 in the Port Alfred line fishery,

suggesting  that  their  overexploitation  had  persisted  despite  management  interventions  aimed  at

curbing it. Examining broader areas of the south-eastern and southern Cape, Winker et al.  (2012)

showed relatively stable or slightly increasing CPUE values over the period of 1986-2011 and, with

the use of age-structured production models, estimated spawner biomass to be between 18-21% of

pristine  levels.  The  most  recent  update  from  a  Bayesian  surplus  production  model  (BSPM),

estimated the  A. inodorus spawner biomass in 2015 as 9.8% (6-15.8% confidence interval) of its

pre-exploited level (Winker, personal communication 2017).

Percentage reductions of  Argyrosomus spp. could not be calculated here due to its absence in the

repeat surveys, yet the situation at the study sites appears to be distinctly worse than figures quoted

above. Some areas may be less depleted than the survey areas,  as  A. inodorus still  contributes

important landings to local fisheries  (approximately 300 t caught by commercial  line and trawl

fisheries combined in 2015; Winker et al. in prep). However the virtual absence of these fish in

areas where their catches used to dominate the assemblage composition is concerning. If these areas

are  representative  of  the  broader  stock  they  may  indicate  that  pristine  biomass  estimates  and

subsequent  decreases  have been underestimated.  The state  of these populations  clearly requires

management attention.

Although the differences in gear technology (and hence catchability) require caution, swept-area

standardised  catches  from  the  1930s  suggest  that  Argyrosomus spp. abundances  had  already

declined substantially by that time (Appendix A). A similar pattern is evident in a figure of hook and

line  CPUE  from  comparable  historical  and  recent  periods  (Griffiths  2000),  although  not  in

commercial trawl catches (Griffiths 2000). Smale (1985) showed that inshore trawl landings of A.

inodorus decreased substantially between the mid-1960s and early 1980s, which may have reflected

part of a long-term decline. A large decrease in the Argyrosomus spp. population in the first half of

the 20th century could indicate that early fishing pressures, even though they were light compared to

later in the century, removed a large proportion of the pre-disturbed populations of  Argyrosomus
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spp. If so, this is a narrative missing from the story of Argyrosomus spp. declines in South Africa

and may warrant further attention.

Besides an economic loss, the massive decline of Argyrosomus spp. from these inshore ecosystems

is expected to  have had a  marked impact  on inner  shelf  ecosystems.  Both  A. inodorus and  A.

japonicus are large (>1 m length) predators that consume a wide range of pelagic and demersal

prey,  including mysids,  squid,  pleuronectiformes  and many other  teleosts  as  well  as  their  own

young  (Whitfield and Blaber 1978; Smale and Bruton 1985; Griffiths 1997a).  Argyrosomus spp.

prey selection  appears  to  be density-dependent  (Whitfield and Blaber  1978;  Smale and Bruton

1985) and  selection  of  prey  size  is  related  to  predator  length  (Smale  and  Bruton  1985).  The

remarkable numbers of (large) Argyrosomus spp. individuals that inhabited these historical inshore

trawl areas are thought to have contributed a formidable predatory pressure, the decline of which

may have contributed towards the increased numbers observed in some other taxa. Across a wide

set  of  regions  globally,  Christensen et  al.  (2014)  showed that  larger  fish  species  had  declined

markedly during the 20th century, while smaller species had increased. They concluded that such

change was consistent with fishing pressure and suggested that the increase in smaller species was

likely due to predation release.

Pterogymnus laniarius

P.  laniarius is  considered  the  most  common  seabream  (Sparidae)  on  the  Agulhas  Bank  and

contributes  one  of  the  dominant  components  of  inshore  trawl  landings  (Booth  and Punt  1998;

Attwood et al. 2011), even though its relatively lower economic value has precluded a targeted local

fishery. Catches of  P. laniarius expanded massively with the arrival of Japanese and Taiwanese

trawl fleets in 1964, which targeted them in hard-substrate habitats using specialised gear  (Booth

and Punt 1998). By 1977 the stock was estimated to be over-exploited as a result (Sato 1980). After

declaration  of  South  Africa's  exclusive  fishing  zone  in  1977,  much  of  the  foreign  effort  was

removed and total landings returned to relatively low levels (<1000 t) by the early 1980s  (Booth

and Punt 1998). The large reduction in effort directed at it  allowed recovery of the  P. laniarius

stock, from an estimated 20% in 1976 to 60-70% of pristine biomass in 1995  (Booth and Punt

1998). Recent estimates provided by a BSPM suggest that the 2015 spawner biomass was at 80.6%

(59-99.8% Cape  Infanta)  of  its  unfished  level  (Winker,  personal  communication  2017).  Those

figures do not reconcile with the massive (97.6%) reductions indicated here, which might be more

severe by mass, if the average size of P. laniarius has declined.

Two potential  explanations are offered,  both of which may contribute towards this  discrepancy.

Firstly, due to their long history as core areas of the sole-directed trawl effort, the sites surveyed in
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this  study  comprise  some of  the  most  intensely  fished  trawl  grounds  in  South  Africa  and  the

resultant depletion of P. laniarius (and other taxa) may be more pronounced here than elsewhere on

the Agulhas Bank. Secondly, part of the drastic declines may be related to changes in benthic habitat

caused by over a century of demersal trawling at the survey sites  (Chapter 3; Auster et al. 1996;

Engel and Kvitek 1998; Callaway et al. 2007).  P. laniarius is predominantly associated with reef

habitats  and  reef-mud  or  reef-sand  interfaces  (Booth  and  Buxton  1997a).  The  long  history  of

trawling at the survey sites has likely removed or reduced emergent biogenic and reef-like habitat,

replacing it with a more homogenous, unconsolidated sediment (Sainsbury et al. 1993; Auster et al.

1996).  Some  of  the  lost  benthic  components  may  be  critical  elements  of  P.  laniarius habitat.

Elsewhere on the Agulhas Bank, in habitats that have not suffered extensive trawling impact,  P.

laniarius abundances may be far higher.

Austroglossus pectoralis

A. pectoralis was the dominant target in early south-coast trawl fisheries in South Africa due to their

high market value  (Scott 1949). Since 1920 their commercial landings have remained relatively

stable, fluctuating between 600 and 900 t most of the time, although catches above and below these

figures  have  occurred  on  occasion  (DAFF  2015).  Since  2005,  landings  remained  <600  t  and

declined substantially after 2009, with a 2013 catch of only 127 t and a sharp decline in CPUE

raising concern over the state  of the stock  (Butterworth and Glazer 2014).  An effort  limitation

program has subsequently been applied within priority distribution areas of A. pectoralis.

The results reported in this study indicated an average decrease to 4.6% of the CPUE recorded

historically, as well as a reduction in the proportion of large fish (≥33 cm). This indicates a severe

decline from their unexploited baseline at the three survey sites, which are situated in core areas of

A. pectoralis distribution (Zoutendyk 1972). Butterworth and Glazer (2014) and Butterworth et al.

(2016) applied a simple dynamic Schaefer model to recent landings of  A. pectoralis. The pristine

biomass implied by their model ranges between 4 571 and 8 000 t, depending on the intrinsic rate of

population growth assumed (Butterworth et al. 2016). The authors consider the recent decline to be

a result  of either a reduction in catchability or a decline in the population.  Estimating biomass

figures  from  their  plots,  the  most  optimistic  (catchability)  scenario  produces  a  2015  biomass

estimate ≥87% of pristine levels. The worst-case (population decline) scenario puts that same level

between 21 and 37% of pristine biomass. As A. pectoralis is closely associated with shallow (<120

m) muddy sediments (Zoutendyk 1972; Le Clus et al. 1994), the majority of which are accessible to

the trawl industry, the slump in landings are more likely explained by a population decline than a

catchability effect. The catchability hypothesis appears especially unlikely if it were to have been
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accompanied by a recent population size relatively close to pristine biomass. An explanation more

parsimonious with our knowledge of its habitat and behaviour, and how these interact with demersal

trawling,  seems to be that  A. pectoralis abundances have suffered substantial  declines in recent

years. Support for the latter interpretation is provided by a recently applied BSPM, which estimated

the 2016 spawner biomass to represent 8.9% (4.8-18.8% Cape Infanta) of its pre-disturbed level

(Winker, personal communication 2017). The state of  A. pectoralis requires further investigation

and management attention.

In addition to prolonged fishing pressure, environmental impacts may have influenced A. pectoralis

abundances in space and time. Similar to the patterns reported for several linefish species on South

Africa's east coast (Lamberth et al. 2009), anecdotal reports from fishers have suggested that good

A. pectoralis catches follow after good rainy seasons and strong river flows. The outflow of major

rivers along this coastline has declined in recent decades  (Lloyd 2010; Sink et al. 2012a), which

would likely result in a decline of sediment and organic matter inputs into the mud habitats that A.

pectoralis depends on. Over time such reduced input might decrease the extent of muddy habitats

and the productivity of organisms closely associated with them, including  A. pectoralis (Tunley,

personal communication 2016).

As with Argyrosomus spp., it appears that a substantial decline of A. pectoralis from pristine levels

may have occurred within the first few decades of trawling activity (Appendix A), which is not

documented in the literature. Interrogating commercial trawl catches made off Port Elizabeth in

1967-1975 and 1985-1995, Booth and Hecht (1998) showed that a steep (~85%) decline in landings

per vessel occurred during the early 1970s and appeared to stabilise at that lower level thereafter. 

Argyrozona argyrozona

A. argyrozona was encountered only at Bird Island in repeat surveys, where it was least abundant

historically  (Fig  17).  Standardised catches were severely depressed (0.1%) relative to historical

surveys (Table 8). Considering that exploitation has likely caused a decline in the mean size of A.

argyrozona (Bianchi et al. 2000; Yemane et al. 2004), decreases in biomass have likely been more

drastic than those of abundance.

Brouwer and Griffiths  (2005) identified two separate  A. argyrozona stocks on the western/central

Agulhas Bank and the eastern Agulhas Bank near Port Elizabeth. Both stocks were considered to be

over-exploited in the application of per-recruit models (Brouwer and Griffiths 2006). Compared to

their highest historical levels, Griffiths (2000) estimated that 1986-1998 figures of commercial line-

fishing CPUE for A. argyrozona had declined to 4.8% in the southern Cape (which includes Cape

Infanta and Mossel Bay) and 25.9% for the south-eastern Cape (which includes Bird Island). As
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with P. laniarius, heavy exploitation of this resource likely took place by foreign trawling fleets in

the 1960s and 1970s. The release of that pressure and reduction of commercial line fishing effort in

2000  (Blamey et al. 2015) is expected to have allowed steady recoveries during the decade that

followed  (Winker  et  al.  2012).  Using  age-structured  production  models  Winker  et  al.  (2012)

estimated  that  both  stocks  reached  their  minimum  level  in  the  mid-  to  late-1990s.  By  those

estimates the western stock declined to ~23% of carrying capacity, whereafter it recovered to ~42%

by 2011. The eastern stock dropped as low as 15% and then rebounded to 38% of carrying capacity.

A recent BSPM estimated the spawner biomass in 2015 to be 50.4% (29.5-77.8% Cape Infanta) of

pristine levels (Winker, personal communication 2017).

The disparity between results here and assessments of  A. argyrozona stock size might be due to

habitat effects, similar to those discussed for  P. laniarius.  A. argyrozona frequently concentrates

over high-profile reefs (Smale and Badenhorst 1991; Brouwer and Griffiths 2005). The arguments

of  trawling-induced  habitat  change  and  concentrated  fishing  effort  may  explain  their  relative

scarcity at re-survey sites compared to other, more rocky habitats outside of the study area.

The hypothesis that local depletions of A. argyrozona and P. laniarius (and perhaps other species)

may  be  explained  by  trawl-induced  habitat  changes,  has  important  implications  to  the  spatial

management of such species. If physical aspects of the habitat have been altered or the recovery of

biological parts is very slow, then closely-associated fish fauna might not recover in trawled areas,

even after cessation of fishing activity. This needs to be considered during placement of spatial

management interventions aimed at recovering those fish populations.

Rhabdosargus globiceps and other seabreams

R. globiceps was frequently caught in historical trawls and was especially abundant at Mossel Bay,

contributing a substantial proportion of the ichthyofauna there. They were virtually absent in repeat

surveys, with a single individual caught at Cape Infanta representing 0.1% of historical CPUE.

Four discrete populations of R. globiceps were identified by Griffiths et al. (2002), two of which fall

within the study area focused on here. Similar to A. argyrozona, one population inhabits the broader

central  Agulhas  Bank  (including  Cape  Infanta  and  Mossel  Bay  sites),  whereas  an  apparently

separate population is located between Cape St Francis and Port Alfred (including the Bird Island

site). They inhabit areas of unconsolidated sediments and reef habitat up to about 130 m depth

(Griffiths et al. 2002). No stock assessments have been conducted on the south coast populations. A

per-recruit  analysis  suggested  that  the  isolated  west  coast  population  (in  Saldanha  Bay)  had

collapsed (Arendse 2011) and cases have been reported of contractions or disappearance from sites

where historical catches were made (e.g. Hout Bay and Table Bay; Griffiths et al. 2002). Griffiths
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(2000) presented evidence  that  the 1986-1998 line fishing CPUE in the southern Cape (which

includes Cape Infanta and Mossel Bay) was ~0.2% of that recorded for R. globiceps in commercial

catches from 1929-1931.  This  figure is  similar  to  the findings  presented here and supports  the

suggestion  that  the  substantial  R.  globiceps abundances  encountered  in  historical  Mossel  Bay

surveys have largely disappeared.

The  literature  seems  to  indicate  an  increase  in  commercial  landings  of  R.  globiceps in  recent

decades: Japp et  al.  (1994) reported that between 1986 and 1991 an average of one tonne was

caught annually by the line fishery and 14 t by the inshore trawl fleet on the Agulhas Bank. In

contrast,  Attwood et  al.  (2011) reported  average  annual  figures  for  2002-2006 of  30  and 83 t

respectively for the same fisheries, as well as an estimated 148 t of discards in the trawl fishery.

Increased landings might represent greater retention or targeting of  R. globiceps, due to declined

catches of more valuable, larger species. Alternatively, they may represent a partial recovery of

Agulhas Bank populations during the 1990s and early 2000s. Either way, the results reported here

indicate that R. globiceps densities in the study areas are severely depleted relative to those of the

historical  period  and  highlight  the  need  for  greater  scientific  scrutiny  of  the  Agulhas  Bank

populations.

Additional seabreams (Sparidae) that were caught in relatively low numbers historically were not

encountered at all in the repeat survey. These consisted of traditionally sought-after, line-caught

species  that  are  depleted  (Mann  2013),  such  as  Lithognathus  lithognathus,  Petrus  rupestris,

Polysteganus undulosus and  Chrysoblephus gibbiceps (Table  8). Two seabreams (Chrysoblephus

cristiceps,  Pachymetopon  aeneum)  did  not  show  significant  changes  between  periods,  likely

because they are rarely caught by trawls.

Merluccius capensis

The abundance of M. capensis increased in standardised catches at the two western sites, but not at

Bird Island. The historical catches included fewer  M. capensis individuals (at  Cape Infanta and

Mossel Bay), but they were substantially larger than the many small fish caught in the re-survey.

Considering the difference in numbers and the potential mass of the larger fish caught historically, it

is  conceivable  that  the  weight  of  fish  remained  similar  or  even  declined,  despite  their  greater

abundances at the two western sites. At Bird Island their re-survey mass was certainly less than the

historical  catches,  which  consisted  of  marginally  greater  numbers  of  substantially  larger  fish.

Investigation of DAFF survey catches (Appendix A) shows that Bird Island catches have on average

been similar to those made at the other two sites, which suggests that the low re-survey catches of

M. capensis encountered at Bird Island may not be typical for this site.
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Rademeyer et al. (2008) estimated that the South African M. capensis spawner biomass was 51% of

its pristine value in 2006, whereas the latest assessment estimated this percentage to be 73% in 2016

(Rademeyer  and  Butterworth  2016).  Both  the  stock  assessment  and  the  repeat  survey  results

presented  here  indicate  an  abundant  M. capensis population.  The  sizes  of  fish,  however,  have

declined substantially. The depth distribution of  M. capensis has been shown to be related to the

size of fish, with larger individuals inhabiting deeper waters (Macpherson and Duarte 1991). It is

noteworthy that the historical catches in relatively shallow waters consisted predominantly of fish

>61  cm in  length,  raising  the  question  of  whether  M.  capensis sizes  were  in  fact  distributed

according to depth in an unfished ecosystem. The historical abundance of large predators at these

inshore sites, predominantly Argyrosomus spp. but including cannibalistic  M. capensis (Pillar and

Wilkinson 1995), likely exerted substantial predation pressure on juvenile M. capensis, which may

have sought refuge in other habitats.

Squalus spp.

It appears that abundances of Squalus spp. have increased between survey periods, yet only at Bird

Island was the difference in CPUE significant (Fig 19b). Although the Bird Island re-survey catches

appeared to be anomalously large, comparison with DAFF survey data indicated that similar large

catches have been encountered frequently in recent decades. Squalus spp. are known to form large

schools  (Compagno  1984) and  the  Bird  Island  re-survey  appears  to  have  encountered  such

aggregations. The Squalus species in re-survey catches was identified as S. acutipinnis (previously

referred to as S. megalops; Viana and de Carvalho 2016), which is what the historical catches are

expected to have been, based on location and depth (Watson and Smale 1999).

Results here, together with those of previous studies, suggest that  Squalus spp. may be relatively

robust  to  trawling  pressure.  Following  intense  fishing  pressure  on  the  Georges  Bank  in  the

1960s/1970s, small elasmobranchs such as skates and dogfish largely replaced the previous catches

of gadoids and flounder  (Fogarty and Murawski 1998).  Squalus acanthias was estimated to have

increased five-fold in the Northwest Atlantic between 1968 and the early 1990s, while species that

traditionally supported the Northeast US fisheries had declined to record lows (Rago et al. 1998).

The same species was also one of the few that increased in heavily trawled areas of the Adriatic Sea

between 1948 and 2005 (Ferretti et al. 2013). Graham et al. (2001) found that S. megalops (and to a

lesser degree, a catshark species) were the only taxa that maintained similar abundances between

trawl surveys at the start of a trawl fishery and 20 years thereafter in SE Australia. It was also one of

the  only  taxa  for  which  size  compositions  remained  similar  between  the  two  survey  periods

(Andrew et al. 1997).
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The apparent robustness of Squalus spp. is surprising, considering they are K-selected, viviparous

elasmobranchs with slow growth, low fecundity and a long life span  (Watson and Smale 1998,

1999). Their success may be partly explained by the fact that they give birth to relatively large pups

and the females reproduce constantly once they reach sexual maturity  (Watson and Smale 1998).

Their  large  young  and  venomous  dorsal  spines  protect  them  from  predators.  In  long-term

comparisons of trawl surveys in the western English Channel, McHugh et al. (2011) found that the

abundance of a catshark species (Scyliorhinus canicula) had increased substantially while other

elasmobranchs had declined or disappeared from catches. They attributed this increase to the fact

that it is a relatively small species, which has little commercial value and a comparatively high

survival rate when discarded after trawling (Revill et al. 2005). A similar line of reasoning may be

applicable to Squalus spp. in South Africa. The results of Mandelman and Farrington (2007) support

the expectation that their discard survival is relatively high compared to many teleosts and other

elasmobranchs (Broadhurst et al. 2006).

Chelidonichthys spp.

The results presented here indicate substantial increases in the numbers of  Chelidonichthys spp.

caught in 2015 compared to the beginning of the 20 th century. None of the gurnard species have

undergone stock assessments in South Africa. Investigating the reproduction, population structure,

age, growth and mortality of  Chelidonichthys capensis,  McPhail et al.  (2001) noted that fishing

pressure did not appear to be depressing the resource. Their results indicated that C. capensis is a

relatively fast growing, r-selected generalist species that has an extended spawning season, a high

reproductive rate and is long-lived.  C. queketti, which made up the majority of re-survey catches,

similarly has a fast growth rate, reaches early sexual maturity, spawns throughout the year and is a

generalist that feeds on a variety of organisms and inhabits diverse benthic habitats (Booth 1997).

These factors, together with their broad distributions over most of the Agulhas Bank  (Smale and

Badenhorst  1991) likely  contribute  towards  the  resilience  of  Chelidonichthys spp. to  fishing

pressure and allow them to maintain or even increase densities where other species have declined.

Trawl activity may benefit  Chelidonichthys spp. in terms of food provision. Kaiser and Spencer

(1994) found evidence of two gurnard species (Aspitrigla cuculus and  Eutrigla gurnardus)  and

whiting (Merlangius merlangus) increasing their food intake after the passage of a trawl in the Irish

Sea.  In  their  investigation  of  trawl  effects  on  demersal  scavengers  in  the  southern  North  Sea,

Groenewold and Fonds (2000) suggested that gurnards might benefit indirectly from trawl activity

by  preying  on  scavenging  crustaceans.  The  same  authors  estimated  that  6-13% of  the  annual

macrobenthos  production is  made available  to  scavengers  and microbes  by a  single  trawl  tow,
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which likely shortens trophic pathways and may increase secondary production  (Groenewold and

Fonds  2000).  Together  with  the  characteristics  that  may confer  robustness  to  fishing  pressures

(discussed above), an enhanced access to food may make certain levels of trawling advantageous to

Agulhas Bank populations of Chelidonichthys spp., especially if those levels depress populations of

competitors or predators that might be less robust to fishing pressure.

Trachurus capensis

T. capensis was shown to be more abundant in re-survey catches than it was historically, at all three

sites (Fig  19c).  The re-survey catches consisted of predominantly small  (15-25 cm) individuals

compared to the maximum size of  T. capensis (~52 cm; Hecht 1990). Even if one assumes that

historical catches consisted of larger individuals, their mass would likely have been less than that of

re-survey  catches,  as  plausible  size  differences  are  unlikely  to  have  compensated  for  the

discrepancy in numbers (re-survey catches averaged 47 times greater). It appears that  T. capensis

may have increased in biomass, as well as numbers, at the re-surveyed inshore sites. Reasons for

this could be many, including declines of predator abundances (e.g.  Argyrosomus spp.), reduced

competition for food resources and/or environmental forcing that might have made these areas more

suitable for T. capensis. For example, a shift in South Africa's small pelagic fish resources from the

west coast to the Agulhas Bank in the late 1990s (van der Lingen et al. 2002; Fairweather et al.

2006), thought to be driven by the environment,  might also have resulted in improved Agulhas

Bank habitats for T. capensis.

It must be acknowledged that the semi-pelagic nature and high spatio-temporal variability of  T.

capensis (Badenhorst and Smale 1991) imply that these 'snapshot' demersal trawl surveys may not

be a reliable measure of the regional T. capensis population (Barange et al. 1998). Nonetheless, the

consistent pattern across the three inshore sites appears convincing. Previous estimates from an age-

structured  production  model  of  the  regional  (west  and south  coast)  population  suggested  their

spawning  biomass  lay  between  40  and  78%  of  pristine  levels,  depending  on  a  number  of

assumptions (Furman and Butterworth 2011)

Galeichthys feliceps

The  large  re-survey  catches  of  G.  feliceps  at  Bird  Island,  compared  to  zero  recorded  there

historically, suggests an increase in their numbers. Such large G. feliceps catches have not occurred

at Bird Island during the past 30 years of DAFF surveys (Appendix A), but have been recorded at

Mossel  Bay.  This  supports  the  suspicion  that  some  anomalous  densities  of  certain  taxa  were

encountered during the 2015 Bird Island fieldwork. Continued monitoring of future DAFF surveys

may reveal whether the unusual Bird Island catches might be more than a temporary anomaly.
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Tilney  (1990) conducted per-recruit analyses using  G. feliceps catches from the Port Alfred line

fishery. His results suggested that the level of spawner biomass per recruit was between 22 and 30%

of its pristine state. He concluded that the population was relatively heavily exploited and likely

below the recommended management level of 50% of pristine biomass  (Tilney 1990). Yet the re-

survey catches at Bird Island and Mossel Bay are not congruent with a depleted population and

suggest  that  numbers  are  similar  or  greater  to  those  encountered  historically.  If  so,  similar

arguments to those made for Squalus spp. might apply to G. feliceps: Their low market value may

have helped avoid excessive exploitation, which together with potentially reduced competition and

a low (perhaps decreased) predation pressure, may have allowed them to maintain or increase their

numbers  from pre-disturbed  levels.  This,  despite  being  a  long-lived,  slow growing,  K-selected

species  (Tilney 1990). As G. feliceps prefers soft sediments (Tilney and Hecht 1990), it may also

have benefited from the fishing-associated habitat changes that are expected to have taken place at

the survey sites.

Other and all taxa combined

Previous  authors  have  shown  evidence  of  increased  Callorhinchus  capensis (St  Joseph  shark)

catches over time (Booth and Hecht 1998; Mussgnug 2013). As it was included in 'other' fish, this

species could not be assessed individually here. However,  the group of 'other'  fish did increase

significantly between periods at all sites and C. capensis contributed more than half of the re-survey

catches for that group, which appears congruent with the hypothesis of increased abundances over

time.

The taxa that appeared to maintain, if  not increase, their  abundances between periods,  included

some unlikely species with slow growth, old age-at-maturity and low fecundity. Examples included

Squalus spp. and  G.  feliceps.  C.  capensis might  also  be  assigned  to  this  group,  although  its

fecundity and growth are greater than those of many chondrichthyans  (Freer and Griffiths 1993).

Nonetheless, evidence that species with relatively slow growth and low reproductive output have

managed to maintain or increase their abundances during a century of exploitation is a point of

interest that may warrant further investigation. A further commonality across these species is that

they have not been favoured fishing targets.

Long-term, persistent trawling pressures likely have indirect impacts on demersal fauna due to their

effects on benthic habitat.  Trawl activity reduces both physical and biological habitat complexity

which species may rely on  (Auster et al. 1996; Engel and Kvitek 1998; Moran and Stephenson

2000;  Kaiser  et  al.  2000;  Puig  et  al.  2012).  Juvenile  fish  have  been  shown to  associate  with

epibenthic structure (Lindholm et al. 2001; Ryer et al. 2004; Baillon et al. 2012), which likely helps
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them hide from predators (Tupper and Boutilier 1995). Therefore an expectation might be that a loss

of epibenthic structure would have less impact on species that are spiny, or in any other way less

palatable to predators, than species that are defenceless and more prone to predation if discovered.

The fact that spiny taxa (Chelidonichthys spp.,  Squalus spp.,  G. feliceps and  C. capensis) were

prominent amongst re-survey catches and had increased or maintained their catch rates over the last

century,  appears to support such a hypothesis. Besides their spines,  Squalus spp. pups have the

added advantage of being a relatively large size at birth (Watson and Smale 1998) thereby avoiding

predation suffered by smaller size classes. Trawling-induced loss of structural habitat likely reduces

juvenile survival rates of demersal species that use epibenthic structure for concealment  (Tupper

and Boutilier 1995), while taxa that do not rely heavily on concealment from predators may escape

this indirect impact of trawling.

Regional productivity

In the historical surveys a consistent pattern among several taxa and the pooled assemblage is a

west-to-east decrease in CPUE across the three sites. These patterns suggest that the Cape Infanta

site was the most productive fishing area historically and Bird Island the least. This west-to-east

abundance gradient was reversed in the repeat surveys for all  taxa combined. An inspection of

DAFF data indicated that elevated catches at  Bird Island,  the most easterly  site,  represents the

average  condition  in  recent  decades.  Further  investigation  to  verify  this  apparent  productivity

reversal, assess at which levels of the ecosystem it may manifest and what the potential drivers are,

would enhance our understanding of south coast, inshore ecosystem dynamics.

Examination of assumptions

The main assumptions and justifications for methods used in the experimental design and fieldwork

were discussed in Chapter 3. Some of those points (gear fishing power; differences in trawl duration

and depth) are equally applicable to this chapter but are not repeated here. Instead, points of specific

relevance to the univariate contrasts are focused on here.

Fish sizes

It is critical to consider the impact of fish sizes when interpreting results presented here. As a fish

mass relates to the approximate cube of its length (Froese 2006), relatively small declines in length

could translate to substantial changes in the biomass of a population, unless their numbers increase

to  compensate  for  the  size  reduction.  To  illustrate,  a  61-cm  M.  capensis individual  weighs

approximately 1 900 g, whereas one of 30 cm would be about 213 g (Froese and Pauly 2016). For

some taxa (e.g.  M. capensis), it is conceivable that an increase in their numbers may have been
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accompanied by a decrease in biomass. Some effort was spent on unsuccessful attempts to convert

the 'small/large' size-categories recorded historically for  Argyrosomus spp., A. pectoralis and  M.

capensis into  mean weights  that  would  allow conversion  of  catch  numbers  into  catch  weights

(Appendix B). Further research on this problem is identified as a challenging priority.

Long-term signal vs short-term variability

Because the  sampling  design  did  not  allow multiple  years  of  data  (from either  period),  it  was

important to examine the context of short-term variability in relation to the observed long-term

changes (as in Chapter 3). If the observed contrasts between the historical and repeat surveys are of

similar or smaller magnitude than fluctuations among years or between seasons, then it might be

argued that long-term signals fall within the bounds of short-term 'noise' and are meaningless. The

temporal scale of recent DAFF trawl survey data allowed this question to be examined. Results

suggested  that  the  notable  long-term  changes  focused  on  above,  could  in  most  cases,  not  be

explained by the  magnitude of  short-term variability  (Figs  20,  21).  As would be  expected,  the

exceptions to this tended to occur in cases where the difference between periods was relatively

small.

Ideally, the short-term variability would be estimated from surveys conducted with the same trawl

gear as used in the historical and repeat surveys. The magnitude of short-term differences estimated

from DAFF survey catches may well be exaggerated for many species, relative to what would be

measured if the same data had been collected with the historical trawl gear. Larger catches tended to

cause larger  differences  between samples,  consistent  with the common finding that  variance  is

related to mean catches in trawl survey data (Maunder and Punt 2004). As the smaller mesh size,

faster  trawl speed,  higher-opening and larger  DAFF nets are  expected to have greater  catching

power for most species, their variability among samples is likely inflated relative to that of the less

effective  historical  trawl  gear.  Irrespective  of  such  an  effect,  examination  of  the  shorter-term

variability  tended  to  confirm that  prominent  long-term changes  could  not  be  explained by the

magnitude of seasonal, interannual or multi-year changes.

Similarities with previous research

Few studies have had the opportunity to investigate abundance changes from relatively undisturbed

demersal baselines to their state after decades of exploitation. A consistent observation from such

investigations appears to be an acute decline of taxa that were a dominant part of the assemblage

when fishing started (Harris and Poiner 1991; Andrew et al. 1997; Graham et al. 2001; Klaer 2001).

Such drastic declines may be missed by long-term trawl survey comparisons if their earliest surveys

describe a state that was already substantially impacted (Thurstan et al. 2010). In the current study,
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the virtual disappearance of Argyrosomus spp. and >95% decreases of P. laniarius and A. pectoralis,

three taxa dominating the catches historically, represent a substantial loss from the demersal fish

community.  It  is  not  surprising that  other  taxa were  able  to  benefit,  likely both from freed-up

resources and reduced predation. The finding that some taxa increased or maintained abundances,

despite increasing exploitation, is another consistency across the above-mentioned studies  (Harris

and Poiner 1991; Andrew et al. 1997; Graham et al. 2001; Klaer 2001). As Klaer (2001) analysed

commercial  catches,  he  attributed  the  increased  landings  to  altered  retention  strategies  and not

increased fish abundances.

Although Booth and Hecht (1998) contrasted two more-recent periods (1967-1975 and 1985-1998)

and limited their focus to the commercial trawl fishery operating out of Port Elizabeth (near Bird

Island), some similarities appear between their results and those of the current study. Similar to

results  here,  they  reported  reduced  catch  rates  of  P.  laniarius,  A.  pectoralis and  G.  capensis

(kingklip).  Their  reports  of  increased  contributions  of  M.  capensis,  Chelidonichthys  capensis,

Callorhinchus capensis and  Cynoglossus zanzibarensis (redspotted tonguefish) are also congruent

with findings from the current study (Booth and Hecht 1998). Contrary to results here, they showed

a decrease in catch rates of  T. capensis over their shorter study period. Booth and Hecht  (1998)

recorded a 35% decline in the overall catch rate (all species), despite technological improvements to

fishing gear during the period assessed.

Future research

The findings presented here have a range of implications for ecological and fisheries research and

raise many further questions that could be addressed in follow-up studies. Converting the catch

abundances into catch weights or estimates of biomass would be a valuable accomplishment as such

units would be of great interest to fisheries scientists and ecological modellers. It may be hindered

by uncertainty, however, unless relevant data on historical sizes or weights can be found to verify

calculated  values.  Investigation  of  the  baseline  conditions  and  long-term  changes  in  trophic

structure, and resultant changes in the transfer of energy through the ecosystem, may be a useful

avenue for future work. These unique historical and re-survey datasets contain much potential for

further  work that  will  deepen knowledge of  how historical  baselines  were shaped into  current

demersal states.

This work suggested that the estimated depletion at investigated sites was substantially worse for

multiple taxa than has been estimated in regional stock assessment efforts. Further investigations

could be valuable in explaining these discrepancies.  Models of spatio-temporal trawl effort  and

benthic  habitat  dynamics  from  the  Agulhas  Bank  region  might  help  identify  whether  the
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discrepancies could be related to localised depletion or habitat alteration. An investigation of the

relevant  assessment  models,  specifically  what  their  assumptions  are  in  relation to the initial  or

unfished biomass, might also shed light on the identified inconsistencies. 

Conclusion

The remarkable differences between historical and re-survey catch rates highlight the magnitude of

change undergone by the demersal environment of the inshore Agulhas Bank in 111 years. Once-

dominant  species  were  absent  or  contributed  small  proportions  in  repeat  survey catches.  Their

numbers  were  largely  replaced  by  other,  apparently  more  resilient,  and  in  most  cases,  less

economically  valuable  taxa.  Although they no doubt  played a  role,  the  biological  (growth and

reproductive) characteristics typically invoked as indicators of sensitivity to exploitation did not

effectively separate the species that have declined from those that have increased in this study. It

appeared that other factors, such as habitat preferences and the magnitude of their geographic and

depth ranges (as discussed in Chapter 3) influenced the fate of exploited demersal populations on

the inshore Agulhas Bank. Over a century of otter trawling is expected to have driven substantial

benthic changes (Auster et al. 1996; Auster and Langton 1999; Callaway et al. 2007) and modified

the pathways of energy flow  (Groenewold and Fonds 2000), benefiting certain taxa and costing

others.

Change in fish sizes is an important indicator of fishing pressure (Bianchi et al. 2000; Shin et al.

2005; Yemane et al. 2008) and critical to considerations of changes in biomass. Although limited

size data  were available  in  the historical  records,  they confirmed the expectation of substantial

reductions in lengths of favoured fishing targets. The implication of size reductions to changes in

biomass would be to exacerbate decreases and weaken increases of catch abundances. Developing

realistic  and  justifiable  estimates  of  historical  fish  weights  (or  lengths)  for  these  data,  so  that

comparisons can be expressed in terms of biomass, is a valuable research avenue.

The historical data investigated here are unique in their ability to provide meaningful quantitative

ecological samples from a temperate demersal assemblage that has suffered negligible impact from

human activities. Compared to previous studies that have benefited from baseline data collected

before or during initial trawling activity (Silvestre et al. 1986; Harris and Poiner 1991; Andrew et al.

1997; Graham et al.  2001; Klaer 2001; Kongprom et al.  2003), these historical records are the

earliest, and quite likely represent the most pristine demersal ecosystem. Analyses have enabled

valuable insight into those pre-industrial, baseline catches and estimates of subsequent abundance

changes of the trawl-caught fish fauna. The lessons may be applicable to many similar fisheries

globally, most of which lack comparable pre-disturbance baselines. Yet the outcomes of this 111-
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year 'experiment' have undoubtedly been shaped by regionally-specific histories of spatio-temporal

exploitation patterns and pressures from climate change and pollution. Fisheries other than trawling,

particularly the line-fishing components of commercial,  recreational and small-scale (previously

subsistence) sectors, have contributed to the current state of several taxa investigated here. These

results strengthen and add to previous findings of a greatly altered inshore fauna that is denuded of

a substantial proportion of once economically and ecologically prominent species  (Penney et al.

1989; Attwood and Farquhar 1999; Griffiths 2000). Implementation of management interventions to

rebuild these depleted populations clearly warrants attention.
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Appendix A: Supplemental tables and figures

Figure A4. Examples of the power analysis plots visually assessed, for an abundant (a), common (b)
and rare (c) taxon. Lines indicate the power of a GLM model to detect a significant (p ≤0.01) effect
for prescribed changes in  standardised catch.  Results  were drawn for samples sizes  5 to 40 in
increments of 5. Black line indicates N=25 trawls. See Methods section for details.
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Figure A5. Similar to Fig  17, showing taxa that decreased on average between historical (H) and
repeat (R) surveys, but including survey data from 1931-1934 (H3; when available), DAFF 'old'
trawl gear (D.o; 1986-2010) and DAFF 'new' gear (D.n; 2003-15).
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Figure A6. Same as Fig A5, but for the taxa that increased on average between historical and repeat
surveys (those included in Fig 19).
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Appendix B: Converting size categories into average weights

This  appendix  describes  the  procedure  followed  to  estimate  a  mean  mass  for  size  classes

(small/large), with the intended objective of converting fish abundances per size class into catches

by weight. The results were not used in Chapter 4, but are briefly outlined below in case they might

be  built  upon  in  future  work.  The  strategy  applied  was  to  use  established/published  growth

equations (Von Bertalanffy, 1938), length-weight relationships and mortality rates, together with

gear-specific selectivity factors estimated from the repeat survey catches,  to calculate the mean

weight that a single fish in each (small/large) size class would contribute.

These results  were not used further or presented in the chapter because the mean weights they

suggested for small/large size classes appeared unlikely. More plausible results could be attained by

adjusting parameters such as the natural mortality rate. However, without independent evidence to

guide or verify such an adjustment, it would represent unjustified and subjective manipulation of

model parameters. 

One possible guide to assess whether the modelling procedures might be describing the historical

state accurately, was to inspect the ratio of predicted small:large individuals in comparison to the

same ratio recorded in historical catches. When parameters (e.g. mortality rate) were adjusted to

produce  plausible  weights  for  the  size  categories,  the  predicted  ratio  of  small:large  fish  was

substantially different to  that measured historically.  It  was therefore concluded that growth and

mortality  parameters,  which  were  estimated  in  recent  decades  from exploited  populations,  are

unable to provide a realistic  prediction of  the historical  pre-disturbed population state.  Another

explanation for the lack of plausible results  might be that the selectivity curves applied do not

represent the historical case accurately, as briefly explained below.

Methods

The following steps were taken:

1) Start with creating a vector of theoretical age classes ( T ). Traditionally, the temporal resolution

used is annual (e.g. T={0.5,1.5,2.5,... tmax−0.5} , where tmax  represents the maximum age of the

species), although a higher resolution can be used.

2) Calculate corresponding length-at-age ( Lt ) values, using published parameters for the growth

equation. In this example, the von Bertalanffy growth equation was used:

Lt=L∞ (1−e− K(t−t0)) (1)
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where L∞  is the theoretical asymptotic (maximum) length attained by the species, K  the growth

coefficient, expressing the rate (1/year) at which the asymptotic length is approached,  t  the age

(years) and t 0  the hypothetical age the fish would have at zero length (years). 

3)  Calculate  corresponding  weight-at-age  ( W t )  values,  using  the  length-at-age  values  and

published parameters for the length-weight relationship:

W t=a∗Lt
b (2)

where parameters a  and b  are constants published for the relevant species.

3) Calculate the corresponding population size proportion ( N t ) at age t , using the mortality rate (

Z ). As negligible fishing mortality was assumed for the historical period, the total mortality ( Z )

was, in this case, assumed to equal natural mortality. Both constant mortality rates and age-specific

mortality  rates  (as  suggested  by  Rademeyer  and Butterworth  2014;  Ross-Gillespie  2016)  were

considered. The equation used to model a constant mortality rate was as follows:

N t=e−Z∗t (3)

4)  Calculate  corresponding retention  probabilities  (between 0  and  1),  using  length-at-age  ( Lt )

figures  and  the  selectivity  ogive  that  was  estimated  from repeat  survey  length  frequency  data

(Millar and Fryer, 1999). Two parameters are used to describe the logistic ogive, namely the 50%

retention length ( L50 )  and the selection range ( δ ).  These were used to calculate the retention

probability P(Lt)  of a fish of length Lt  as follows:

P(Lt)=
1

1+e−(L t−L50)/δ
(4)

5) Calculate the 'weight of retained fish' ( Wrf t ) at age t , which represents the mass contribution of

each age class to the retained (captured) population structure, by multiplying weight-at-age by the

population size and the retention probability of the corresponding age t :

Wrf t=W t∗N t∗P (Lt) (5)

6) Calculate the average weight for each size class ('small'  and 'large') by dividing the summed

weight of retained fish ( Wrf t ) by the summed proportion of retained population size ( N t∗P(Lt) )

for the ages  t  that fall within the relevant size class. For example, the limit between 'small' and

'large'  M. capensis was historically recorded as 61 cm (24 inches). Therefore the mean weight of

'small' fish ( W small ) would be calculated as:
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W small=
∑
t=1

Lt<61

Wrf t

∑
t=1

Lt <61

N t∗P(Lt)

(6)

and similarly, the mean mass of a 'large' fish would be:

W large=

∑
L t⩾61

N

Wrf t

∑
Lt⩾61

N

N t∗P(Lt)

(7)

In this way, a mean weight (in grams) for each 'small' and 'large' fish were attained. However, as

mentioned above, these figures did not appear plausible. For example, using published growth and

length-weight  parameters  for  M. capensis,  together  with  selectivity  factors  estimated  from the

repeat survey catches, approximate weights of 481 g and 6 473 g were suggested for small and large

fish respectively, assuming a uniform mortality rate of 0.3. If the age-specific mortality rates of

(Ross-Gillespie,  2016)  were  used,  these  figures  changed  to  433  g  and  10  058  respectively.

Considering the fact that a 61-cm M. capensis individual typically weighs about 1 905 g, the mean

weights  of  large fish appeared to be unrealistically  large.  Increasing the uniform mortality  rate

reduces  the  mean  weights  estimated,  however  doing  so  also  increases  the  ratio  of  predicted

small:large fish and thereby increases the already-large discrepancy between the predicted ratio

(3.45) and that measured from historical catches (0.2).

An obvious next step would be to explore application of a dome-shaped selectivity curve to the

catches, instead of ogive that was used. Unfortunately, few large fish were caught in the repeat

surveys, making it hard to estimate a dome-shaped selectivity curve for the historical gear. This step

was not pursued.
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Chapter 5: Distribution changes in the demersal fish community of the

Agulhas Bank, 1986-2016

Abstract

Anthropogenic climate change and fishery impacts have been predicted and documented to modify

the distributions of marine species. An understanding of the direction and velocity of such changes

is critical to the adaptation by fishers and the management of fishery resources and biodiversity. Yet

detecting trends within the variability inherent in marine data is challenging and few empirical cases

have documented distributional trends in South African marine taxa. In this context, the last three

decades  (1986-2016) of  demersal  fisheries  research survey data  from the  south coast  of  South

Africa were interrogated using a recently developed method to investigate distributional changes in

44 of the most commonly encountered chondrichthyan and teleost species. Annual estimates were

made of the centre of gravity in coordinate space (latitude and longitude) and the effective area

occupied by each population,  using a  species  distribution function estimated by a geostatistical

delta-generalised linear mixed model. Average trends over the study period were assessed using a

Bayesian state-space model. Evidence of a trend in average location was found in nine species, of

which six were towards the west or south-west and three were towards the east or north-east. The

effective area results showed that two taxa had a decreasing trend in their spatial extent, while one

species  had increased.  At  the  level  of  the  entire  community,  average  trends  were  shown as  a

westward shift in average location and a reduction in the extent of populations. These westward and

contracting  trends  are  interpreted  as  likely  signals  of  climate  forcing,  whereas  the  eastward

movement in average location for kob (Argyrosomus spp.), lesser sandshark (Rhinobatos annulatus)

and white  stumpnose (Rhabdosargus globiceps)  are  likely  linked to  fishing  impacts.  A lack  of

knowledge of subsurface oceanographic changes on the Agulhas Bank challenges interpretation of

the distributional changes detected and is identified as a research priority. Disentangling drivers of

observed change and projection of trends will  provide valuable contributions towards improved

ocean  management  and  mitigation  of  climate  impacts  on  fishers.  Future  work  could  reveal

additional  insights  by modelling seasonal  variation,  the distribution of  multiple  species or  age-

classes and incorporating additional historical data. The continuation of multi-decadal ecological

time-series, such as the trawl surveys used here, are vital to achieving this research.
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Introduction

A consistent theme throughout marine ecology is the dynamic nature of populations in space and

time.  Understanding the  spatial  distribution  of  species  is  critical  to  their  management,  as  both

impacts  and potential  interventions  are  very often  spatially  structured,  whether  the focus  is  on

fisheries or biodiversity. Evidence of distribution changes of marine populations, frequently linked

to human pressures, are well established (e.g. Garrison and Link 2000; Beare et al. 2004; Perry et al.

2005;  Engelhard  et  al.  2011b;  Bartolino  et  al.  2012;  Ferretti  et  al.  2013;  Pinsky  et  al.  2013).

Detecting  such  distributional  changes  and  understanding  aspects  such  as  their  scale,  direction,

speed,  and cause,  is  therefore  key to  providing management  advice.  Identifying and predicting

spatial  distribution trends  will  also help inform fishers'  adaptation and mitigation strategies  for

climate change impacts, which is a national research priority (DST 2007; Sink et al. 2012a; DAFF

2017).

Fishing and climate influence distributions

Fishing  pressure  and  climate  change  are  expected  to  be  dominant  factors  altering  species

distributions in the ocean (Genner et al. 2010; Bell et al. 2015). Fishing is one of the oldest human

activities in the sea (O’Connor et al. 2011) and has altered the abundance and distribution of species

(Brander 1981; Casey and Myers 1998; Opdal 2010; Engelhard et al. 2011b). Fishing impacts on

population  sizes  may  translate  to  changes  in  distribution  via  local  extirpation  (Brander  1981;

McHugh et al. 2011), range contraction or expansion towards or from optimal habitat  (Bell et al.

2015;  Thorson  et  al.  2016b),  or  via  the  truncation  of  ages  in  species  that  have  age-specific

distributions (Bell et al. 2015).

The effects of anthropogenic climate change on marine ecosystems may be more gradual than many

fishing impacts,  yet  are  likely  to  be  widespread and difficult  to  reverse  (Halpern  et  al.  2008).

Evidence of marine distributional changes linked to climate are well established (e.g. Beare et al.

2004; Perry et al. 2005; Pinsky et al. 2013). Marine species have responded to climate (temperature)

changes by adjusting their location,  depth or both  (Edwards and Richardson 2004; Dulvy et al.

2008; Engelhard et al. 2011b).

The pace of shifting climate is likely critical to the ability for species and ecosystems to adapt or

relocate (Loarie et al. 2009). A metric used to assess this, specifically how fast a species would have

to move to remain in a constant climate (temperature), is called 'climate velocity'. It expresses the

rate of  geographic (distance) shift  of isotherms, which  depends on both the rate of temperature

change and existing thermal gradients (Loarie et al. 2009). With a focus on a wide array of demersal
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species  across  multiple  regions  globally,  Pinsky  et  al.  (2013) showed  that  the  direction  and

magnitude  of  distribution  changes  were  related  to  climate  velocity  rather  than  biological  or

taxonomic characteristics.

Regional evidence of distribution changes

Changes in marine distributions have been documented from the southern Benguela ecosystem, yet

a  synthesis  of  ecosystem change  (Blamey  et  al.  2015) shows  that  much  of  the  knowledge  of

physical and ecological change stems from the west coast, whereas dynamics on the Agulhas Bank

have received less attention. The most prominently documented distributional shifts have been a

southward and eastward movement of small pelagic fish populations (sardine and anchovy) from

the west coast to the Agulhas Bank during the late 1990s (van der Lingen et al. 2002; Fairweather et

al. 2006). The redistribution of these important prey species is thought to have impacted other parts

of the ecosystem, including distributions or abundances of fish, squid  (Watermeyer et al. 2016),

seabirds (Crawford et al. 2008; Crawford 2009; Blamey et al. 2015) and zooplankton (Huggett et al.

2016).

To assess the ecosystem implications of the small pelagic fish distributional change, Watermeyer et

al. (2016) investigated the proportional abundances of key pelagic and demersal species either side

of Cape Agulhas (20°E), using three multi-year periods defined as 'before' (1985-1991), 'during'

(1997-2000) and 'after'  (2003-2008) the shift  of small  pelagic fish  (van der Lingen et  al.  2002;

Fairweather  et  al.  2006).  Evidence  of  increased  catch  proportions  of  squid  (Loligo  reynaudii),

demersal fish (Genypterus capensis, Merluccius paradoxus) and pelagic fish (Etrumeus whiteheadi

and  Scomber  japonicus)  were  shown  east  of  20°E,  following  the  shifts  of  small  pelagic  fish

(Watermeyer et al. 2016).

Yemane et al. (2014) assessed the distribution changes in common demersal species in the Benguela

ecosystems of South Africa's west coast, Namibia and Angola. Conducting separate analysis for the

trawl survey time-series from each country, they calculated a catch-weighted average depth and

latitude for each species and year. They also assessed changes in (depth and latitudinal) ranges, by

calculating the difference between the maximum and minimum values in each year. Their results

suggested that approximately half of the species assessed had changed their mean depth, latitude or

range of either variable. While the latitudinal shifts in Angola were poleward and consistent with

the expectation from a warming ocean, the shifts in distribution in the other two countries tended to

be either north- and south-ward. On the west coast of South Africa, five species shifted in each

direction and ten showed evidence of deepening their mean distribution between 1985 and 2010.

Yemane et al. (2014) found no evidence that the changes were related to body size or taxonomy and

122



suggested that they were likely predominantly due to changes in climate, although fishing impacts

could not be ruled out.  

Changes in the distribution of trawl-caught fauna in South Africa have received limited attention

beyond the work by Yemane et al.  (2014) and Watermeyer et al.  (2016). Pecquerie et al.  (2004)

overlaid  multiple  fishery  and  survey  datasets  to  estimate  the  population  distributions  of  15

demersal, bentho-pelagic and pelagic species. With a focus on the distributional range, they showed

some seasonal differences between two 6-month semesters. Although they also contrasted species

ranges  between  two  periods  (1985-1989  and  1990-2002),  the  unequal  sample  coverage  made

inferences  difficult  and  their  interpretations  focused  on  small  pelagic  species  that  had  shown

notable distribution increases.

Coastal distributional changes that have been documented from South Africa include an eastward

shift by rock lobster  (Jasus lalandii; Cockcroft et al. 2008), an eastward range expansion of kelp

(Ecklonia maxima; Bolton et al. 2012) and an apparent eastward contraction by the brown mussel

(Perna perna;  Blamey et  al.  2015).  These changes  are  congruent  with the indication of cooler

coastal waters on the south coast (Rouault et al. 2009; Blamey et al. 2015), that may be a result of

increased coastal  upwelling  (Lamont et  al.  2016).  Further  evidence that  may signify ecosystem

changes on the Agulhas Bank, is the report of decreased abundance of copepods, especially large

species, between 1988 and 2011 (Huggett et al. 2016).

Detecting meaningful patterns or trends within the variability inherent in marine data is challenging

and relatively few empirical cases have documented distributional changes in South African marine

taxa.  Despite  the  efforts  of  authors  such as  Pecquerie  et  al.  (2004),  Yemane et  al.  (2014) and

Watermeyer et al. (2016), detection and understanding of faunal distribution shifts in demersal and

pelagic ecosystems are in their infancy and much more is to be learnt from the decades of research

survey data that have been accumulated over South Africa's shelf area. Within this context the last

thirty years (1986-2016) of demersal survey data from South Africa's south coast were interrogated

to  assess  whether  the  spatial  distribution  of  the  most  common  ichthyofaunal  taxa  have  been

changing.  Recently  developed  methods  were  used  to  assess  two  questions:  a)  Are  populations

changing in their average location? b) Are populations expanding or contracting in their extent? The

answers to these questions are interpreted in terms of the state of knowledge of climate signals and

regional  fishery  pressures.  Implications  for  the  management  of  South  Africa's  demersal

communities are raised and likely avenues of future research are outlined. Ideally the distributions

from historical data included in previous chapters would be included in these analyses, but their

incompatibility in terms of units, survey strategies and gear precluded their inclusion here.
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Methods

Study area and data preparation

Trawl  survey  data  and  commercial  trawl  effort  data  for  the  south  coast  of  South  Africa  were

obtained from the Department of Agriculture, Forestry and Fisheries (DAFF). The survey data were

collected during annual stratified random surveys on the continental shelf. Initially both autumn and

spring surveys were conducted, however spring surveys were discontinued after 2008. The surveys

span  the  period  1986-2016  and  are  bounded  by  longitudes  20°  and  27°E.  Prior  to  2011,  the

latitudinal bounds of the survey area consisted of the coastline and the 500 m isobath, whereas

sampling was extended to 1000 m depth thereafter. Stations beyond 500 m depth were omitted from

these analyses. Table 9 provides a summary of the data used in analyses.

Commercial trawl effort data consisted of the number of trawl hauls reported annually in a 20 by 20

minute spatial grid. Although the coordinates of trawls are recorded in recent years (after 2000),

previously  only  the  grid-cell  was  recorded  and  analyses  were  therefore  applied  at  the  grid

resolution. Data were available from 1983 to 2015.

Species were selected for inclusion in analyses by their rate of occurrence in the survey data, using

a cumulative threshold of 80% of total encounters. Analyses were limited to records of teleost and

chondrichthyan taxa. Small pelagic fish (Engraulis encrasicolus, Etrumeus whiteheadi, Sardinops

sagax) were excluded as they are unlikely to be effectively sampled by the trawl surveys. Samples

were included in analyses if they were designated 'abundance' trawls by the authority collecting

them. This meant they had a duration between 20 and 35 minutes, a towing speed of 3-3.5 knots and

did not suffer net damage or other logistical disruptions that might influence the catch.

Gear changes during the 3-decade survey period were considered in analyses. Most of the survey

data were collected by the government research vessel, Africana III. However, in 2000 the survey

was  performed  with  the  RV Dr  Fridtjof  Nansen  and  in  2014-2016  commercial  trawl  vessels

conducted the annual research surveys. During the survey period a change in trawl gear also took

place, as detailed by Atkinson et al.  (2011b) and Leslie  (2008). In 2004, the old trawl gear was

replaced with a new net, trawl doors and foot-rope. However, in 2006 and 2010, the old gear was

again employed (Table 9). Although they were of similar design and size, these gear changes likely

affected the selectivity for some species  (Leslie 2008). The trawl gear used on board the RV Dr

Fridtjof Nansen (in 2000) provides a third set of gear that likely had different selectivity to both

other sets  (Axelsen and Johnsen 2015). In addition to the potential effect of gear changes, there

were some inconsistencies in the depth (and therefore spatial) coverage of surveys. Whereas most
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surveys extended to depths of 500 m or more, several spring surveys (1990-1995) were limited to

≤200 m.

Table  9:  Summary  of  the  DAFF  research  trawl  survey  data  used  in  analyses.  Seasons
a=autumn,  s=spring;  gear  o='old  gear',  n='new gear',  g=Gissand gear  used  on the  RV Dr
Fridtjof Nansen; N=number of trawl samples.
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Year Season Gear Depth (m) N

1986
a
s o 28-485 79

1987
a
s o 17-395 87

1988
a o 30-450 92
s

1989
a o 32-185 62
s

1990
a o 30-480 57
s o 24-224 73

1991
a o 33-362 91
s o 31-144 73

1992
a o 30-400 82
s o 25-124 87

1993
a o 29-440 108
s o 29-186 105

1994
a o 35-500 87
s o 30-200 91

1995
a o 29-483 92
s o 28-193 95

1996
a o 27-440 77
s

1997
a o 33-426 96
s

1999
a o 30-469 82
s

2000
a g 45-398 87
s

2001
a
s o 35-384 80

2002
a
s

2003
a o 35-441 88
s n 35-434 93

2004
a n 34-444 90
s n 40-500 106

2005
a n 34-463 103
s

2006
a o 38-445 91
s o 30-460 103

2007
a n 35-440 97
s n 36-450 79

2008
a n 37-452 100
s n 37-487 95

2009
a n 36-460 89
s

2010
a o 30-443 63
s

2011
a n 38-446 93
s

2014
a n 36-490 94
s

2015
a n 34-494 98
s

2016
a n 34-482 98
s



Mean location and extent of species

Potential changes in the distribution of trawl-caught fauna were assessed using their averaged centre

of distribution, hereafter referred to as 'centre of gravity'. This has commonly been calculated as an

abundance-weighted average of sample coordinates or depth (e.g. Perry et al. 2005; Engelhard et al.

2011b;  Pinsky et  al.  2013;  Hiddink et  al.  2015).  Thorson et  al.  (2016a) demonstrated  a  novel

method to calculate centre of gravity from a species distribution function that is estimated within a

statistical model framework. As shown in a simulation study (Thorson et al. 2016a), one of the main

advantages over the conventional method is that the species distribution function benefits from the

underlying  model's  ability  to  account  for  bias  inherent  in  the  survey  data.  For  example,  the

statistical model can be designed to account for unbalanced sampling effort in space or changes in

sampling gear or strategy (Thorson et al. 2016a).

Instead of the conventional strategy of using sample locations to calculate the centre of gravity,

weighted  averages  were  calculated  from  the  species  distribution  function  at  model-predicted

locations. For example, the calculation of latitudinal centre of gravity was as follows:

Latitude=
∑
i=1

ns

d̂ (s i)∗Latitude (s i)

∑
i=1

ns

d̂ (s i)

(1)

where ns  represents the number of grid cells defined in the model, d̂ (si)  is the predicted density at

grid cell s i  and Latitude (si)  the corresponding cell latitude. 

To assess whether populations might be expanding or contracting in their spatial distribution, their

'effective area occupied' was investigated (Thorson et al. 2016b). The effective area represents the

geographic area ( ht ; km2) that would be required to contain the total population ( bt ; kg) at its

average population density ( mt ; kg/km2):

ht=
b t

mt

(2)

This simple measure of area occupied does not require parameters to be defined a priori (e.g. X %

of the population), the value of which could affect results  (Thorson et al. 2016b, supplementary

material). It is also not affected by sampling areas of zero or very low density (Thorson et al. 2016b,

supplementary material). Calculated for each time-step of the statistical model (annually in most

cases), the effective area and centre of gravity results provide a measure over time of the spatial

extent and average locality (coordinates) of the population, within the geographic domain surveyed.
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Thorson  et  al.  (2016a) estimated  the  species  distribution  function  using  a  geostatistical  delta-

generalised linear mixed model (geoGLMM), which was developed to estimate abundance indices

from trawl surveys  (Thorson et al. 2015b). Their model is based on the delta approach  (Lo et al.

1992; Stefánsson 1996), whereby the probability of encounters (positive catch) and the probability

of  catch  rates  given  a  positive  encounter,  are  modelled  separately.  In  the  geoGLMM  both

probabilities assume spatially correlated errors. The spatial variation is further decomposed into two

components – one that is constant among years and another that varies, thereby accounting for

changes  in  spatial  distribution  over  time  (Thorson et  al.  2016a).  As  the  centre  of  gravity  and

effective  area  statistics  are  estimated  within  the  geoGLMM,  their  standard  error  incorporates

estimation  uncertainty  of  model  parameters.  The  mathematical  structure  of  the  geoGLMM  is

detailed by Thorson et al. (2015b).

In this study, the average species locations (latitude and longitude) were calculated using the same

methods and geoGLMM as Thorson et al. (2016a), who describe the steps necessary to estimate the

species distribution function. The effective area was calculated as in Thorson et al. (2016b). Positive

catches were modelled using a gamma distribution, whereas the probability of encounters assumed

a Bernoulli process. The geoGLMM was based on a 2.5 by 2.5 minute spatial grid (roughly 2.5

nautical mile2 per grid-cell). A spatial resolution of 500 'knots' was specified to define the localities

within the polygon mesh at which spatio-temporal functions were solved.

The geoGLMM with outputs of effective area and centre of gravity were calculated using the R

package  SpatialDeltaGLMM  (Thorson  et  al.  2015b;  http://github.com/nwfsc-

assess/geostatistical_delta-GLMM). It uses the template model builder package (TMB; Kristensen

et  al.  2016) to  invoke  Laplace  approximation  of  marginal  likelihoods  of  fixed  effects  while

integrating across all random effects (Skaug and Fournier 2006). Potential bias in the calculation of

nonlinear  functions  of  fixed  and  random  effects  was  avoided  by  applying  the  'epsilon'  bias-

correction  in  TMB  (Thorson and  Kristensen  2016).  As  the  bias-correction  routine  necessitated

substantial  computational  memory,  models  were  run  on  a  Linux-operated  cluster  computer  at

University of Cape Town's High Performance Computing Facility.

Trends were estimated from the centre of gravity and effective area time-series using a Bayesian

state-space  model  framework  (Durbin  and  Koopman  2012).  State-space  models  (SSM)  are

hierarchical models that decompose a time-series of observations into two parts: 1) the state process

that models the dynamics of unobserved state variables (e.g. the 'true' centre of gravity and its trend)

and 2) a stochastic observation process or error that is conditional on the underlying state (Simmons

et al. 2015).
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The  unknown  'true'  population-level  response  was  treated  as  the  state  variable  that  follows  a

Markov  process  (Gilks  et  al.  1995).  The  value  of  the  current  year  ( μt ,i )  was  assumed  to  be

dependent on its value in the previous year ( μt−1, i ),  an underlying trend component ( β ) and a

process error term ( ηt ,i ) that incorporates variation among years via a random normal walk with

mean zero and an estimable variance σi
2 . The state process equation was defined as

μt ,i=μ t−1,i+β+ηt ,i ηt ,i∼N (0,σi
2) (3) 

and the observation error equation as

ŷ t , i=μ t ,i+ϵt ,i  ϵt ,i∼N (0,SE t ,i
2
) (4)   

where ŷ t , i  represents the centre of gravity or effective area values predicted by the geoGLMM and

ϵt ,i  the observation error that is normally distributed with mean zero and variance equal to the

square of the standard error ( SE t , i ) from the geoGLMM predictions. The subscripts denote years t

and species i , where i=1  for a single species or i={1,2, ...N }  for the trend estimated from the

combined set of  N  species. In this way, the underlying trend  β  represents an estimate of the

average rate of change over the time-series, accounting for both observation error (the variance

associated with the centre of gravity or effective area estimate) and process error (a measure of the

year-to-year variability among centre of gravity or effective area estimates).

Before being passed to the SSM, both time-series were normalised by their mean value for the

entire period. In the case of single-species trend estimates, both spring and autumn values were

normalised by the mean of autumn, so as to preserve differences between the seasons if they were

combined on one plot. In the case of multispecies trend estimates, the values were normalised by

the mean of the respective season, so as to centre all series on zero.

Non-informative priors were used for the SSM so that model inference would be based solely on

information contained in the data. An inverse-gamma distribution with scale and shape parameters

set to 0.001 was used as a prior for the process variance (Chaloupka and Balazs 2007). Expected

values of the first year ( μ1, i ) were drawn from a flat normal distribution with mean equal to ŷ1, i

and standard deviation of 1 000 000. The prior used for the trend ( β ) was a flat normal distribution

with a mean of zero and a standard deviation of 1 000 000.

Joint posterior probability distributions were estimated using JAGS software (Plummer 2003). The

model formulation was passed to JAGS using the R package 'jagsUI' (Kellner 2016), which makes

use of the 'rjags' package (Plummer et al. 2016).

Each SSM model was run with 50 000 iterations, removing the first 5 000 results as 'burn-in' and

thereafter sampling every 5th iteration to construct the posterior distribution. The mean and 95%
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credibility intervals (2.5th and 97.5th percentiles) were used to visualise the model prediction in

plots. To assess the probability that the estimated trend component was significantly different from

zero (i.e. had a positive or negative slope), the posterior of trend estimates was used as a bootstrap

sample to calculate equal-tail p-values as per MacKinnon (2009).

To assess whether emerging trends might be affected by potential sampling bias, the above analyses

were repeated on reduced subsets of the data that removed the suspected bias. Firstly, to examine

whether a potential depth bias might affect results, an additional set of analyses was performed on

the spring survey data while excluding samples with mean depth >200 m. Secondly, to examine

whether the trends might be affected by changes in vessel or gear, analyses were repeated on a

dataset restricted to the 'old trawl gear' and the RV Africana III. As these curtailed time-series were

both shorter and contained far less data, a substantial loss of statistical power was expected and

trends were visually compared rather than relying on the same statistical thresholds applied to the

entire dataset.

Changes in commercial trawl effort

The commercial trawl effort data were used to assess both spatial distribution and temporal changes

in the intensity of trawling effort. The spatial distribution of cumulative commercial trawl pressure

in recent decades was mapped as the mean number of trawl hauls recorded in each commercial

trawl grid-cell between 1983 and 2015. Change in effort over time was assessed by regressing the

annual counts of trawl tows against years. A slope significantly different from zero (p≤0.05) was

inferred as evidence of an increase (positive slope) or decrease (negative slope) in commercial

effort over time. The regressions were performed separately for each grid-cell, to assess temporal

changes in space.

Summed trawl pressure (number of tows) was also examined for the entire study area, covering

most of the Agulhas Bank, and two smaller areas in the western and eastern inshore parts of the

study area respectively. The inshore areas were chosen as six commercial grid cells covering areas

adjacent to the coastline. The western inshore area stretches between Cape Infanta and the first grid-

cell to the east of Mossel Bay. The eastern inshore area extends from the eastern boundary of the

study area to between Cape St Francis and Port Elizabeth.
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Table 10. Centre of gravity (COG) and effective area results for 44 species and all taxa combined.
The first six columns show trend estimates (km.year-1 or km2.year-1). Blue and red figures indicate
evidence of trends different from zero (p≤0.1), signifying negative and positive trends respectively.
Underlined figures identify those with p≤0.05. Bold r2 values in right-most columns identify species
lacking significant correlation (p>0.05) between eastward and northward COG time-series.

Taxa
Eastwards COG Northwards COG Effective area

Autumn Spring Autumn Spring Autumn Spring Autumn Spring

All taxa -0.26 -0.16 -0.04 -0.01 -61.87 -58.35 NA NA
Galeichthys feliceps -0.56 1.52 -0.02 0.15 -18.22 -36.14 0.85 0.78
Arnoglossus capensis 0.12 0.26 0.10 0.23 -274.45 -277.47 0.16 0.77
Paracallionymus costatus -0.39 -0.73 -0.23 0.09 -68.37 13.23 0.91 0.83
Callorhinchus capensis 0.52 -0.25 0.07 -0.17 53.95 97.02 0.61 0.37
Trachurus capensis -2.61 -3.41 0.88 -1.03 -487.56 -314.99 0.10 0.73
Congiopodus spinifer -0.28 -0.11 -0.25 0.04 23.95 -259.45 0.78 0.78
Congiopodus torvus -0.10 -0.18 -0.09 -0.25 -51.91 -377.07 1.00 0.97
Cynoglossus zanzibarensis -0.68 0.43 -0.48 0.23 -276.16 -213.97 0.67 0.61
Dasyatis chrysonota 1.25 0.26 0.17 0.07 -71.18 -40.12 0.98 0.95
Thyrsites atun 0.14 -1.12 0.29 -1.23 -9.07 -362.84 0.75 0.76
Gonorynchus gonorynchus 1.08 0.21 0.42 0.06 430.38 657.28 0.78 0.58
Lophius vomerinus -0.86 -0.43 -0.80 -0.30 -164.92 -116.48 0.89 0.98
Merluccius capensis -0.33 -0.41 0.11 -0.28 -90.70 -19.47 0.10 0.50
Merluccius paradoxus -1.64 -0.30 -0.87 -0.19 17.13 -84.53 0.99 0.99
Myliobatis aquila -0.10 -1.57 -0.09 -0.57 3.69 263.06 0.89 0.75
Genypterus capensis -0.49 0.88 -0.45 0.25 -109.08 -69.64 0.89 0.92
Raja miraletus -0.86 0.52 0.14 0.24 -125.44 -166.00 0.16 0.97
Dipturus pullopunctatus -0.68 -0.30 -0.38 -0.24 -634.69 -136.54 1.00 1.00
Leucoraja wallacei -0.27 -0.33 -0.19 -0.33 -376.24 -120.79 1.00 0.90
Rostroraja alba 0.21 0.64 0.45 0.45 -310.94 -460.80 0.55 0.99
Raja straeleni -0.94 -0.87 -0.51 -0.29 -537.23 -134.12 0.78 0.53
Rhinobatos annulatus 0.95 -0.05 0.35 0.00 -151.67 -173.73 1.00 0.87

1.32 1.78 0.32 0.37 -140.86 -119.81 0.97 0.53
Scomber japonicus -1.60 -2.20 0.31 -0.05 1204.13 388.61 0.08 0.57
Helicolenus dactylopterus -0.12 -0.03 -0.10 -0.02 1.03 -8.12 0.85 1.00
Haploblepharus edwardsii -0.26 -0.26 0.00 0.11 -115.35 -253.34 0.39 0.49
Holohalaelurus regani -0.52 -0.06 -0.17 -0.07 -168.45 -27.72 0.62 0.98
Scyliorhinus capensis -0.58 -0.03 -0.60 0.03 -250.88 103.55 0.84 0.50
Halaelurus natalensis 0.25 0.29 0.19 0.16 -171.11 -141.17 0.73 0.94
Austroglossus pectoralis -0.71 -2.61 -0.04 -0.50 -89.24 -207.65 0.42 0.84
Argyrozona argyrozona -0.03 -1.15 -0.12 -0.54 58.70 -52.85 0.51 0.22
Pterogymnus laniarius -0.48 -0.31 -0.17 -0.09 -40.53 0.51 0.93 0.88
Pagellus natalensis 0.61 -1.87 0.13 -0.43 -22.77 3.55 0.99 0.92
Spondyliosoma emarginatum 0.38 0.47 0.03 -0.01 -251.94 -51.64 0.91 0.74
Rhabdosargus globiceps 1.11 1.94 0.23 0.31 139.20 157.33 0.66 0.77
Squalus acutipinnis -0.31 -0.46 -0.76 -0.53 -57.63 12.00 0.47 0.88
Mustelus mustelus 0.70 -0.05 0.28 -0.01 -97.41 4.65 0.90 0.99
Mustelus palumbes 0.07 -0.10 -0.16 0.00 -66.52 107.66 0.55 0.12
Galeorhinus galeus -0.45 -0.12 -0.26 -0.11 -279.77 -60.09 0.54 0.03
Lepidopus caudatus -3.02 -1.00 -1.26 -0.26 -246.54 -135.27 0.84 0.70
Chelidonichthys capensis -0.56 -0.14 -0.13 -0.06 -112.28 -34.31 0.67 0.25
Chelidonichthys queketti 0.43 0.20 -0.06 0.11 -59.21 -20.82 0.73 0.87
Sphoeroides pachygaster 0.31 0.01 0.11 0.01 6.74 52.67 0.95 0.98
Zeus capensis 0.26 0.63 -0.07 0.23 -56.61 -88.06 0.90 0.76

Correlation r2 E-N

Argyrosomus spp.



Results

Of the 44 species investigated, 10 (23%) showed statistical evidence of a trend in distributional

changes  during  the  three  decades  assessed.  Of  those,  nine  taxa  changed  their  average  locality

(centre  of gravity)  and three changed their  extent  (effective area;  Table  10).  The remaining 34

species did not show compelling statistical  evidence of trends in their  spatial  distribution,  even

though some shorter-term variations and non-significant trajectories appeared to be present.

Of the nine taxa that indicated a trend in their centre of gravity (p≤0.1), two-thirds have shifted

towards the west (or south) over time. Several other species show a non-significant trajectory in the

same direction. The entire group of 44 species combined showed a significant negative centre of

gravity trend in the autumn survey time-series (Fig 22, Table 10), indicating that the community's

average location has shifted towards the west. The corresponding trajectories for the spring surveys

and the average latitudinal location of both seasons were also negative, but not significant (Table

10).

Only three taxa showed statistical evidence of a trend in effective area, of which one was increasing

(Gonorynchus  gonorynchus)  and  two  were  decreasing  (Dipturus  pullopunctatus,  Trachurus

capensis;  Table  10). Even though they were not significant,  the effective area trajectories  were

negative for many other species. As a result,  the autumn (Fig  23) and spring trend components

estimated for the entire community showed highly significant reductions in extent (Table 10).

In the case of most species, the longitude and latitude centre of gravity time-series were strongly

correlated  (Table  10),  with  eastward  (westward)  shifts  accompanied  by  northward  (southward)

shifts,  usually  of  smaller  magnitude.  Therefore  results  and  their  discussion  concentrate

predominantly on changes in the west-east axis, which is closest to the orientation of the shoreline.

Three broad patterns of centre of gravity responses were identified and illustrated with examples

below (Figs 24-26). The effective area changes that accompany those patterns are briefly referred to

but also treated separately in a section thereafter.

The first category of responses in average location consists of species that showed evidence of a

trend towards the west (south). These included examples where the trend appeared to be present in

both  seasons  (though lacking  statistical  significance  in  one),  as  well  as  cases  where  the  trend

seemed stronger in one of the seasons and appeared weak or absent in the other season. These two

situations  are  illustrated  by  the  examples  of  Raja  straeleni  (thornback  skate;  Fig  24a)  and

Austroglossus pectoralis (east coast sole; Fig 24b) respectively. Other species that showed similar

centre of gravity responses were  Dipturus pullopunctatus (slime skate) and  Lepidopus caudatus
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(ribbon fish; Table 10). The westward trend was accompanied by a contracting (negative) effective

area trend for D. pullopunctatus (Table 10).

Figure 22. A single trend (black line) with 95% confidence intervals (grey shading) estimated from
the longitude centre of gravity time-series of all 44 taxa (thin blue lines) in the Autumn survey. Inset
(top right) shows the density distribution of trend estimates, with the origin (zero) marked by a
vertical red line and the tails beyond 5th and 95th percentiles darkened. The probability that zero fell
within the distribution and the median trend value are shown.
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Figure 23. Same as Fig 22, but showing the estimated trend of effective area for all 44 taxa.
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Figure 24. Estimates of longitude (eastward shift; left) and latitude (northward shift; centre) centre of gravity, and effective area (right), shown for
autumn (black/grey) and spring (blue) time-series for species a) R. straeleni and b) A. pectoralis. Trend line and shaded 95% confidence intervals
estimated by the SSM method are overlaid.  Error bars represent  standard error.  Inset  graphs (top corners)  are  density  distributions of trend
estimates, with the origin (zero) marked by a vertical red line and the tails beyond 5 th and 95th percentiles highlighted. The probability that zero fell
within the distribution and median trend value are shown.



Figure 25. Same as Fig 24, but showing autumn (grey) and spring (blue) centre of gravity and effective area trend estimates for a) R. globiceps and
b) R. annulatus.



The second centre of gravity pattern is similar to the first, but in the opposite direction: evidence of

an eastward (northward) trend was seen in average location during either both or only one of the

seasons.  The  two  variants  of  this  pattern  were  illustrated  by  Rhabdosargus  globiceps  (white

stumpnose;  Fig  25a)  and  Rhinobatos  annulatus (lesser  sandshark;  Fig  25b)  respectively.

Argyrosomus spp. (kob) also fell into this category. The effective area trajectories for R. annulatus

and Argyrosomus spp. were negative and that of R. globiceps was positive, but none of these were

significant (Fig  25, Table  10). A notable feature of the  R. annulatus plot is that its distribution is

clearly different between the two seasons. It is centred further east and north and has a smaller

extent in autumn than in spring (Fig 25b). Spatial distributions appeared to be disparate for several

species, including Dasyatis chrysonota, Congiopodus torvus, Argyrozona argyrozona, Cynoglossus

zanzibarensis,  Myliobatis  aquila,  Genypterus  capensis,  Argyrosomus spp.,  Leucoraja  wallacei,

Scyliorhinus  capensis,  Callorhinchus  capensis and  Spondyliosoma  emarginatum,  which  jointly

make up 25% of the community assessed.

The third centre of gravity pattern is characterised by a trend along one axis (e.g. north-to-south),

but lacking evidence of a similar trend along the orthogonal axis (e.g. east-to-west). This can be

seen in the case of Squalus acutipinnis (spiny dogfish; Fig 26a), which showed a southward trend in

its average location but little evidence of a concomitant westward trend. For  Trachurus capensis

(horse  mackerel) the  westward  centre  of  gravity  trend  in  autumn  showed  no  evidence  of  an

accompanying change southwards,  whereas  the  westward trend in  spring  does  seem to  have  a

southward component (Fig 26b). Unlike those of  S. acutipinnis, the effective area trend estimates

for T. trachurus suggest a decrease over time.

Because of the orientation of the depth gradient on this coast, a southward but no westward trend in

location suggests an increase in the population's depth distribution. Investigation of the depth centre

of gravity of trawl samples revealed significant bias over time (Appendix), precluding the use of

that metric to assess depth changes in species. However a comparison of the first and last five years

of the autumn records shows that the depth of greatest S. acutipinnis catches shifted approximately

30 m deeper during the time-series (Fig 27).
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Figure 26. Same as Fig 24, but showing autumn (grey) and spring (blue) centre of gravity and effective area trend estimates for a) S. acutipinnis
and b) T. capensis.



Figure 27. Changes in S. acutipinnis catch per unit effort (CPUE) with depth, contrasting the first
(black) and last (red) five years of survey data. Plots for each season separately showed similar
patterns (not shown). Points represent individual trawls while curves are loess smooths with shaded
95% confidence intervals.

The same centre of gravity and effective area analyses were repeated on subsets of the data. The

first  was  a  restriction  on  depths  ≤200 m for  the  spring  survey.  The  results  (not  shown)  were

qualitatively and quantitatively very similar to results based on the full dataset. The second subset

of  data  was restricted  to  trawls  sampled with the  old DAFF trawl  gear  (see Methods).  Of the

distributional  trends  identified  for  10  species  in  the  full  dataset,  non-significant  trajectories  of

similar direction were seen in the single-gear time-series for L. caudatus, A. pectoralis, T. capensis,

Argyrosomus spp., R. annulatus, G. gonorynchus, S. acutipinnis and R. globiceps. Only two skates

(D. pullopunctatus and R. straeleni) did not show trajectories similar to the trends identified in the

full dataset. To demonstrate these changes, the equivalent plots of Figs 24-26 are presented for the

old gear in the Appendix.

When the curtailed old gear dataset was used to estimate the centre of gravity and effective area

trends for the entire community, mixed results were evident (Appendix). The general westward (and

southward) location trend seen for the full period disappeared. The decreasing effective area trends

seen in the full dataset remained in the curtailed dataset, but was significant only for the autumn

time-series.
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As mentioned above, variability in average latitude and longitude were strongly correlated in most

species analysed.  These relationships are  expected to  be due to the orientation of isobaths (the

coast) and the depth specificity of taxa. If a species' centre of gravity is displaced (by a significant

distance)  in  this  region,  it  will  generally  have  to  include  both  a  longitudinal  and  latitudinal

component  if  its  depth distribution is  to remain constant.  It  is  therefore interesting to  note the

species that suggest a weak or non-significant correlation between the two directions (p>0.05, t-

test,  Pearson  product-moment  correlation  coefficient).  These  included  T.  trachurus,  Scomber

japonicus,  A. argyrozona, Merluccius capensis, Arnoglossus capensis, Chelidonichthys capensis,

Galeorhinus  galeus and  Mustelus  palumbes.  The  magnitude  of  interannual  variability  for  A.

capensis,  C.  capensis and  M. palumbes centre  of  gravity  was negligible,  however,  which  may

explain a lack of correlation for these species.

Mapping the average spatial distribution of commercial trawl effort from the last 33 years shows

that some of the most intense effort was concentrated in the inshore areas between Cape Infanta and

Mossel Bay, extending onto the central Agulhas Bank, as well as east of Bird Island (near Port

Elizabeth; Fig  28). In all these areas, the number of trawl tows declined significantly during the

period assessed. The only grid-cells that indicate increased fishing pressure in recent decades are

those in deeper offshore areas, specifically in the heavily fished Chalk Line grounds offshore of

Port Elizabeth and Cape St Francis (Fig 28). Trawl intensity has also increased on the southern and

south-eastern edge of the Agulhas Bank during the last three decades.

The  number  of  trawls  recorded  over  the  entire  survey area  has  declined  during  the  last  three

decades, most pronouncedly from 2008 onwards (Fig 29a). In the western inshore areas, between

Cape Infanta and Mossel Bay, effort remained relatively high between the 1980s and 2004, after

which it declined quite sharply (Fig  29b). In eastern inshore areas, near Port Elizabeth and Bird

Island, effort levels were notably lower (than western areas) and declined over most of the three

decades, reaching lowest effort values in 2014 and 2015.
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Figure 28. Commercial trawl effort for the period 1983-2015 as recorded to a 20' by 20' resolution
grid. Annual mean effort is indicated together with the magnitude of slopes from linear regression
fits to the time-series in each cell. A slope different from 0 (p≤0.05) is indicated with red or blue
(increasing or decreasing respectively). Red crosses indicate locations mentioned in the text.

Figure 29. Commercial trawl effort recorded on the Agulhas Bank, summed for a) the entire south
coast trawl survey area, and b) for six inshore grid-cells in the western area (Cape Infanta to Mossel
Bay; black) and the eastern area (Port  Elizabeth to East London; red).  Non-linear loess fits  are
included and a significant linear regression (p<0.0001; r2=0.42) is shown in a).
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Discussion

Of  the  trawl-caught  fauna  assessed  on  South  Africa's  south  coast,  23%  showed  evidence  of

distribution trends over the last three decades. On average across the community, these changes

have consisted of predominantly westward movement in average location and a decreasing area

occupied. At the level of individual species, trends in location are more apparent (nine taxa) than

trends in spatial  extent (three taxa). At the level of the community,  however, the evidence of a

decreasing trend in effective area appears to be stronger than the significant westward centre of

gravity  trend and remains  significant  (in  autumn)  even for  a  shorter  subset  of  the  data  that  is

restricted to a single gear and vessel (Appendix).

The highly significant community-wide average trends of centre of gravity and effective area, even

though few individual species showed significant trends, most likely reflects low statistical power.

Many of the species appeared to have distributional trends, which were not statistically significant

(p>0.1). As the power to detect trends is strongly influenced by the length of a time-series (Schlegel

and Smit 2016), the number of significant distributional trends is predicted to increase as the survey

dataset lengthens in future.

Capturing  dynamic  signals  adequately  and  identifying  drivers  in  the  sparsely-sampled,  three-

dimensional ocean environment is a challenging undertaking. Beyond the immediate surroundings

of  large  population  centres,  impacts  from  fisheries  and  climate  change  have  likely  been  the

dominant anthropogenic pressures on marine ecosystems. Disentangling their influence is important

to building predictions of fishery responses and informing possible interventions. Yet separating the

impacts of these two sources involves complexity, much of which may not have been measured.

This  complexity  might  include  linear  and  non-linear,  direct  and  indirect  effects,  as  well  as

cumulative,  synergistic  or  contrary  signals  and  feedback  loops  across  a  plethora  of  organisms

making up the ecosystem. A first step in identifying climate and fishery effects is to understand the

state of knowledge on these two drivers, from which likely responses can be proposed and against

which measured signals can be evaluated. Observations of the existing evidence of fishing effort

and (the lack of) knowledge on subsurface oceanographic changes are summarised below.

Agulhas Bank climate/environment

There is little evidence to suggest whether regional demersal ocean waters have warmed or cooled

on the Agulhas Bank. Based on global ocean temperature trends (Levitus et al. 2005) and warming

of offshore surface waters  (Rouault et al. 2009; Wu et al. 2012), one might expect Agulhas Bank

waters to have been increasing in temperature. However, the oceanographic dynamics on the bank

are complex due to factors such as the variability of the Agulhas Current (including meanders,
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eddies and filaments), its interaction with the bathymetry and resultant upwelling along its inshore

edge,  the  intermittent  coastal  upwelling  associated  with  large  capes  and alongshore  winds  and

subsurface features, such as the cold-water ridge stretching offshore from Tsitsikamma (Schumann

and Beekman 1984; Swart and Largier 1987; Largier et al. 1992; Lutjeharms et al. 2000; Roberts

2005). 

Looking at surface waters, Rouault et al. (2010) point to evidence of warming offshore but cooling

coastal waters on South Africa's south (and west) coast between 1982 and 2009. The coastal cooling

signal may be unreliable, however, due to the inaccuracy of nearshore satellite measurements (Smit

et  al.  2013) and  was  less  apparent  in  updated,  higher  resolution  data  (Blamey  et  al.  2015).

Schumann  et  al.  (1995) suggested  that  coastal  waters  in  Port  Elizabeth  were  increasing  in

temperature between the 1960s and early 1990s. This is supported by warming subsurface (10-70 m

depth)  coastal  temperatures  in  Algoa  Bay  over  the  last  eight  years,  although  the  signal  is

concentrated mostly in shallower layers (10-30 m; Goschen, personal communication 2016). Recent

assessment  of  multi-decade  coastal  temperature  records  spread  along  South  Africa's  shoreline

indicate  warming in most  areas,  but  a cooling trend consistent  among sensors located between

Betty's Bay and Cape Agulhas (Schlegel, personal communication 2016), which is adjacent to the

current study area. The cooling along that coastline is congruent with an eastward extension of kelp

(Bolton et al. 2012), an eastward retraction of a warm-water mussel species  (Blamey et al. 2015)

and may have contributed to the eastward expansion of rock lobsters (Cockcroft et al. 2008). Using

NCEP-DOE Reanalysis 2 wind fields to calculate Ekman transport indices between 1979 and 2015,

Lamont et  al.  (2016) suggest  increased coastal  upwelling on the  inshore Agulhas  Bank,  which

supports  the  evidence  of  coastal  cooling  there.  Investigation  of  extreme temperature  events  in

surface waters indicates that the occurrence of cold events has been increasing near Cape St Francis

and Port Elizabeth (Schlegel et al. 2017).

Rouault et al.  (2009) show warming surface trends on the central and western Agulhas Bank and

further offshore, which they attribute to a strengthening of the Agulhas Current. Recent research

indicates that the Agulhas Current may be widening, rather than strengthening, and suggests that the

meanders associated with the wider current may be causing greater shelf-edge upwelling (Beal and

Elipot  2016),  which  might  imply  cooler  waters  over  the  eastern  Agulhas  Bank  (Chapman  and

Largier 1989; Lutjeharms et al. 2000).

Subsurface  temperature  changes  have  received  little  scientific  attention  on  the  Agulhas  Bank,

perhaps due to a lack of spatio-temporal resolution of data beyond the surface coverage of satellites.

Due  to  the  strong  stratification  over  most  of  the  bank  (Largier  and  Swart  1987),  surface

temperatures may not provide a good indication of changes below the thermocline. Bottom waters
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on the eastern Agulhas bank stem from the shelf-edge upwelling of Indian Ocean Central Water,

whereas South Atlantic Central Water moves eastward onto the western bank where the two collide

and mix in the central and southern parts of the bank at about 20.5°E (Chapman and Largier 1989).

It  is  therefore  not  clear  whether  (and if  so,  how)  demersal  temperatures  have  changed on the

Agulhas Bank. They may have warmed for the most part, as indicated by surface waters (Schumann

et al. 1995; Rouault et al. 2009, 2010; Blamey et al. 2015), or an increase in upwelling activity may

have drawn cooler waters onto the bank (Beal and Elipot 2016; Lamont et al. 2016). Considering

the oceanographic complexity of the bank, contrasting changes might be taking place in different

areas.

In addition to temperature, other variables such as oxygen concentrations and ocean pH are likely to

affect populations and their distributions  (Rabalais and Turner 2001; Wootton et al. 2008; Gruber

2011). Temporal changes of these important variables have not been investigated on the Agulhas

Bank. Roberts (2005) and Grüss et al. (2016) show maps of average bottom-water temperature and

oxygen  concentrations  from in  situ  oceanographic  data  collected  in  1989-1994  and  2003-2011

respectively.  Although  their  difference  in  resolution  preclude  comparison  and  they  provide  no

information on variability,  these maps do show some interesting features in the mean demersal

water conditions (Appendix). Bottom waters between Knysna and Cape St Francis are seen to be

cooler  (~10  °C),  compared  to  warmer  temperatures  to  the  west  (~11-12  °C;  Cape  Agulhas  to

Knysna) and east (≥12 °C; east of Cape St Francis), as has been noted previously (e.g. Le Clus and

Roberts 1995). The corresponding dissolved oxygen map shows relatively well-oxygenated waters

on average, except for an area centred between Cape Infanta and Still Bay that is lowest inshore

(~2.2 ml·l-1) but extends offshore (south-westwards) to about the 100 m depth contour. The outer

bank is again well-oxygenated (≥3.5 ml·l-1) on average.

Changes in fishing pressure

Fishing pressure  on  the  Agulhas  Bank has  been  dynamic  over  space  and time.  As  detailed  in

Chapter 1, fishing effort in South Africa escalated in the 1950s and peaked at unsustainable levels in

the 1960s and 1970s (Chapter 1; Payne and Punt 1995; Griffiths et al. 2004). A large proportion of

that effort was phased out after South Africa declared an exclusive fishing zone in 1977, although

considerable impact had by then been exerted on panga (Pterogymnus laniarius) and other Agulhas

Bank resources (Japp et al. 1994). Substantial fishing pressure was alleviated from an area known

as the 'foreign triangle', located on the central Agulhas Bank between the 110 m depth contour and a

line 20 nautical miles from the coast. Although the inshore trawl fleet still fishes on parts of this

area, the pressure on much of it has been reduced since the early 1980s and the use of heavy hard-
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ground gear stopped in 1993 (Sink et al. 2012b). Booth and Hecht (1998) reported that the eastern

boundary  of  demersal  trawling  contracted  from  East  London  to  Port  Alfred  in  1972,  due  to

declining hake catches on the East London grounds. Inspection of commercial effort data confirmed

that little trawling has taken place in that area since 1984.

While the number of commercial trawl events has declined overall, especially in some of the most

heavily fished inshore areas (Figs  28,  29), they remain exploited and it is not clear whether the

reduction  in  effort  may  have  been  sufficient  to  allow  a  measurable  recovery  of  those  fished

communities. There has been a notable increase in trawl effort in some deeper areas near the outer

edge of the Agulhas Bank and survey grounds (Fig 28).

Beyond trawling, other human activities impact the marine environment. Sink et al. (2012a) mapped

human  pressures  in  South  Africa's  oceans,  including  those  from  the  multiple  fishery  sectors.

Overlaying all pressures into one map, their 'total normalised pressure values' suggest that the areas

offshore of Port Elizabeth, Cape St Francis and Plettenburg Bay are subjected to substantial human

impact, whereas further west the cumulative offshore impacts seem to be lighter (Appendix). Close

to  shore,  there  appears  to  be  relatively  high  pressure  along  most  of  the  coastline,  although

particularly so around Port Elizabeth to Cape St Francis and the Mossel Bay area.

Effective area contractions

Although only three species show statistical evidence of a trend in their extent, the majority of

species tended to show a negative trajectory. As a result,  significantly decreasing effective area

trends were estimated for all species combined in both autumn and spring (Table 10). Contraction of

the area occupied by a population suggests a stress of some sort (Mace et al. 2008). Whether a result

of retraction from a changing environment  (e.g. Jones et al. 2010), a reduction in population size

towards its  core habitat  (MacCall  1990),  or due to  excessive exploitation in  certain areas  (e.g.

Shackell  et  al.  2005),  it  will  tend  to  make  the  population  more  vulnerable  to  impacts  of

environmental  calamities  and  exploitation.  Conversely,  an  increase  in  the  area  occupied  by  a

population would suggest an increasingly abundant population or an increasing area of suitable

habitat (hence likely also growth of the population).

The only species showing an increasing trend in its spatial extent during the survey period was G.

gonorynchus (beaked sandfish), which ranges across southern Africa, Australia, New Zealand and

the eastern Pacific. Interestingly, this species is recorded to bury itself in the sediment during the

day (Paulin et al. 1989), which could conceivably confer a benefit in terms of reducing capture rates

by trawl nets. When it does enter a net, its slender shape may enable relatively high escape rates

from commercial trawl net meshes. This, together with the fact that G. gonorynchus is not caught
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by  line  fishers,  suggests  that  it  may  avoid  the  majority  of  direct  exploitation  pressures.  G.

gonorynchus appears in the diet of predators such as M. capensis and Argyrosomus inodorus (Smale

1984), and might benefit when the populations and/or sizes of such predators are reduced by fishing

pressure.  Lastly,  certain sediment-dwelling species  such as  G. gonorynchus might  benefit  from

increased  food  provisioning  due  to  trawl  disturbance  (van  Denderen  et  al.  2013).  The  above

considerations make  G. gonorynchus a likely candidate to expand its population size and spatial

extent in trawled ecosystems.

Westward community shift

The combined evidence of a community-wide average westward trend in mean location, together

with  a  generally  decreasing  spatial  extent  (suggesting  populations  under  stress),  yet  easing

commercial trawl pressure over most of the trawl survey area other than its southern edges (Figs 28,

29),  seems to  implicate  a  climate  (environmental)  rather  than  a  fisheries  driver.  No pattern  of

taxonomy or life-history strategies appeared to explain distributional responses. Pinsky et al. (2013)

found  that  climate  velocity  rather  than  taxonomic  or  biological  characteristics  predicted  the

distribution changes in demersal fish. Had most of the taxa showed an increase in spatial extent, the

westward movement might have been interpreted as a recovery/expansion onto the central Agulhas

Bank,  following  a  reduction  in  trawl  pressures  there  (Fig  28).  However,  the  community-wide

decreasing spatial extent is not consistent with such an explanation. As discussed above, there is

unfortunately no convincing evidence of whether (or how) the oceanography of demersal waters

might have changed on the Agulhas Bank over the last three decades. Without such information,

identification of environmental dynamics that might be driving the westward shift in the community

would  be  speculative  and likely  fruitless,  highlighting  the  need  for  research  into  the  temporal

variability  of  subsurface  Agulhas  Bank  waters.  Without  developing  an  understanding  of

oceanographic changes, the management of biodiversity, living resources and mitigation of climate

change impacts on them will be hampered.

The deeper areas where fishing has increased form an important part of the depth distribution of

only a few of the demersal species included here (e.g. G. capensis, Merluccius paradoxus, Lophius

vomerinus,  L.  caudatus,  S.  capensis,  Zeus  capensis).  Of  those,  only  L.  caudatus showed  a

significant trend in average location (towards the west) and an apparent decreasing effective area

trajectory  (though not  significant).  Judging  by the  maps  of  predicted  L.  caudatus density  (not

shown), the westward centre of gravity trend may be due to decreased abundances on the Chalk

Line grounds south of Port Elizabeth, while maintaining densities near the southern edge of the

central Agulhas Bank. This could perhaps be due to the increased fishing pressure on the Chalk
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Line grounds (Fig 28), or it might be a similar environmental pressure postulated to be causing the

general community-wide westward shift in distribution. Yemane et al.  (2014) found evidence of a

northward movement in L. caudatus on the west coast between 1986 and 2010. Their estimated rate

of latitudinal shift (~7 km·year-1) appears to be greater than the westward trend recorded here (3

km·year-1).

Studies  examining the  state  of  size,  population,  community  or  ecosystem indices  over  periods

similar to that assessed here, have found signals of increasing stress or exploitation pressures on the

Agulhas Bank (Yemane et al. 2008) or the broader southern Benguela region (Shannon et al. 2009;

Coll  et  al.  2009;  Blamey  et  al.  2015).  Such  findings  appear  inconsistent  with  the  significant

reductions in trawl pressure over most of the Agulhas Bank (Figs 28, 29). An explanation might be

that cumulative fishing impacts remain too large to allow the recovery of species that were likely

substantially impacted before the survey period started  (Japp et al.  1994; Payne and Punt 1995;

Chapter 1). Also, trawl impacts are not the only fishing pressure exerted on these communities. As

documented by Sink et al. (2012a), 18 fishing sectors exploit resources in South Africa and several

of them overlap in the species and spatial areas that are fished. While trawling pressure on many

parts of the Agulhas Bank may have been easing, combined pressures from other fishing sectors,

and perhaps climate changes, may have persisted or increased.

Eastward shift of three inshore species

Individual species respond to the drivers of consequence to them and the average community-wide

response by no means represents the distributional movements of all taxa. Contrary to the general

trend, R. globiceps, Argyrosomus spp. and R. annulatus show a distribution shifting towards the east

(and north).  Of  these,  R.  globiceps and  Argyrosomus  spp.  are  traditionally  commercial  fishery

targets,  whereas  R.  annulatus is  a  discarded  by-catch  species  that  is  sometimes  targeted  by

recreational anglers (Mann 2013). A commonality of Argyrosomus spp. and R. annulatus is that they

inhabit relatively shallow waters, predominantly near the shore, making them more susceptible to

shore and boat anglers. While R. globiceps is also restricted to relatively shallow depths (≤130 m;

Griffiths et al. 2002), its distribution extends onto the central Agulhas Bank (Appendix). Abundance

indices  and  maps  of  their  predicted  density  from  the  geoGLMM  (not  shown)  suggest  that

Argyrosomus spp. and R. annulatus populations have decreased in the western parts of the survey

area and are contracting towards the east. A. inodorus is a valuable fishery resource that made up a

substantial proportion of historical line and trawl catches on the south coast (Griffiths 1997b, 2000;

Chapter  3).  The  apparent  eastward  contraction  of  this  commercially  important  species  may

represent continuation of a long-term decline of the population and warrants further investigation.
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The eastward location shift seen for R. globiceps appears to be driven by an expansion that has been

more pronounced in the eastern areas near Port Elizabeth (Appendix). This observation is congruent

with figures recorded in the literature, which suggest a recent increase in catches of R. globiceps on

the Agulhas Bank (Japp et al. 1994; Attwood et al. 2011; Chapter 4). While the inshore areas near

Mossel Bay may be depleted relative to high historical abundances of R. globiceps (Chapter 4), it

appears as if the broader population may have expanded since the 1980s, perhaps in response to

easing trawl pressure (Figs 28, 29) and the departure of foreign fleets (Japp et al. 1994; Sink et al.

2012b).

Whereas oceanographic forcing cannot be excluded as a causal factor, fishing pressures are thought

to be a likely driver of these eastward shifts. Trawling in areas east of Port Alfred reportedly ceased

in the early 1980s and was declining before then  (Booth and Hecht 1998).  This likely allowed

recovery in trawl-caught fauna and their habitats in areas adjacent to the eastern edge of the survey

area. In addition, trawling intensity has been lower in the area around Port Elizabeth than in western

inshore grounds (near Mossel Bay and Cape Infanta) and has been mostly in decline since the 1990s

(Fig  29b).  The number  of  trawlers  based  in  Port  Elizabeth  declined  sharply  after  1990 as  the

majority of the fleet moved to Mossel Bay, pushed by market and labour-related factors (Booth and

Hecht 1998). The trawl grounds near Mossel Bay and Cape Infanta also experienced a decrease in

trawl  effort,  but  only  from  the  mid-2000s  onwards,  before  which  trawling  pressure  was

substantially higher there than in the eastern inshore areas (Fig 29b).

It appears that high and sustained trawling pressure in the western areas, up until 2004, may have

contributed towards decline (Argyrosomus spp. and R. annulatus) or slowed recovery (R. globiceps)

of these three species.  In the eastern areas, easing of trawl pressure since the 1990s may have

allowed populations to remain relatively stable (Argyrosomus spp. and R. annulatus) or expand (R.

globiceps).  In  this  way,  trawling  pressures  appear  consistent  with  the  eastward  shift  in  mean

location of these populations. It is important to note, however, that these species are also caught by

line fishers (commercial,  recreational and subsistence), the added impact of which may well be

contributing towards the observed distributional changes. Commercial line fishing effort in South

Africa was reduced by about 70% in 2000 and has remained relatively low on the west and south

coasts (Blamey et al. 2015). The spatial pattern of this substantial effort reduction and the response

of recreational fishing effort is not known.

Agulhas Bank climate change scenarios

If a climate-induced, changing environment is putting pressure on Agulhas Bank populations to

relocate, some species may be facing a dead-end. If the bank is warming on average, cold-water
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species could conceivably move into the upwelling ecosystem of the west coast, where cool shelf

and inshore waters might be maintained or even strengthened by increased upwelling (Bakun 1990;

Rouault  et  al.  2009). However, if the highly-productive west-coast ecosystem suits their  habitat

requirements, they should already occur there, as is the case with many of the investigated taxa. The

southern edge of the Agulhas  Bank and the productivity  associated with it  will  limit  poleward

expansion for both demersal and pelagic  species,  signifying a  potential  dead-end if  species are

pushed southward by changing environments.

A different scenario might be that bottom waters of the Agulhas Bank are cooling, due to increased

coastal upwelling (Lamont et al. 2016) and/or greater shelf-edge upwelling, driven by variability of

the  Agulhas  Current  (Rouault  et  al.  2009;  Beal  and  Elipot  2016).  This  would  likely  affect

predominantly the eastern  (cold ridge;  Swart  and Largier  1987;  Lutjeharms et  al.  2000) and/or

inshore parts  of the bank (coastal  upwelling).  Species  that  avoid such cool  waters might  move

further east, towards the warmer bottom waters around Port Elizabeth, or towards slightly warmer

inshore areas between Mossel Bay and Cape Agulhas. Both of these areas are narrow compared to

the greater (but cooler) Agulhas Bank, which suggest that such distribution changes would likely

result  in  reduced population extents.  Increased upwelling would be expected to  alter  (increase)

productivity in certain areas, causing further ecosystem changes (Roberts 2005).

Changes in depth

For those taxa that do show evidence of location changes, the longitudinal shift is most often of

greater magnitude and significance than the latitudinal change. This is due to the orientation of the

bathymetry (coastline) and species' depth specificity. If a population is loyal to a consistent depth

distribution, a change in their spatial distribution is expected to result in a longitudinal change more

pronounced than that of latitude, as the depth gradient is predominantly orientated north-south over

most  of  the  study  area.  In  fact  a  significant  trend  in  average  latitude,  without  evidence  of  a

longitudinal change, strongly suggests a changing depth distribution. This was seen in only one

species, namely S. acutipinnis. The depth of greatest average S. acutipinnis catches shifted deeper

by about 30 m between the first and last five years of trawl survey data (Fig  27), supporting the

centre of gravity evidence of a population moving into deeper water. Yemane et al.  (2014) also

presented evidence of this species shifting to greater depths on the west coast, together with nine

other taxa. A concern over correct separation of  S. acutipinnis  and Squalus mitsukurii in DAFF

trawl surveys was resolved from 2008 onwards (Leslie, personal communication 2017). Although

such species identification issues could affect detected distribution changes, the centre of gravity

trend appears to be evident well before 2008 (Fig 26a) and relatively small numbers of S. mitsukurii
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caught on south coast surveys are not expected to have contaminated the signal substantially. The

cause of a shift of S. acutipinnis to deeper water requires further investigation. It is consistent with a

response to warming bottom waters, but could be due to several other factors.

The strong correlations between latitudinal and longitudinal variability seen amongst the majority of

species are not surprising, considering that they are mostly demersal species closely associated with

seafloor  habitat.  The species  which  showed a  lack of  such a  correlation point  to  distributional

variability that is independent of depth. It is not surprising that this situation was associated with

pelagic species (T. trachurus, S. japonicus), as they are likely not directly dependent on seafloor

habitat and bathymetric depth. Yet other species also showed a lack of this relationship, including

A. argyrozona (carpenter),  G. galeus (soupfin shark) and M. capensis (shallow-water hake;  Table

10).  The  spatial  distributions  appear  distinctly  different  between  seasons  for  all  three  of  these

species. A potential explanation is that their distribution during one of the seasons is affected by a

behaviour  or  habitat  requirement  independent  of  their  usual  depth  preferences  (e.g.  due  to

spawning). A similar explanation might apply to  Raja miraletus (twinspot skate), which showed

strong correlation in spring but weak correlation in autumn (Table 10). The three remaining species

that lacked significant correlation between longitude and latitude changes (A. capensis, C. capensis,

M. palumbes) had little interannual variability in one or both of the relevant centre of gravity time-

series. Thus a lack of correlation is likely not meaningful as the small interannual variability may be

approaching the precision with which centre of gravity is estimated by the model.

Comparison with previous distribution change studies

The regional investigation by Yemane et al.  (2014) focused on the west coast, the South African

component of which comprises a strongly-seasonal coastal upwelling system. Several of the species

studied here have a range that encompasses both coasts, enticing comparison of results from the

current  study with those of  Yemane et  al.  (2014).  This,  despite  the fact  that  the differences in

coastline  orientation  and  oceanographic  regimes  challenge  interpretation  of  such  comparisons.

Besides the species already mentioned above (L. caudatus and S. acutipinnis), Yemane et. al. (2014)

also detected a northward latitudinal shift of R. straeleni (~4 km·year-1) and a southward shift of T.

capensis (~5 km·yr-1). In the present study, R. straeleni showed a trend towards the south-west (~1

km·yr-1) and T. capensis towards the west (~3 km·yr-1).

The method used by Yemane et al. (2014) does not account for potential sampling bias in the depth

or spatial distribution of survey effort, although they reduced such bias by removing years in which

the distribution of these variables deviated notably from the norm. Assessing the same data using

the methods used here would be informative as to what effect such bias might have on results,
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similar to what was done by Thorson et al. (2016a). Repeating the west coast analyses with updated

data  and  interpreting  them alongside  the  south  coast  results  would  enable  a  synoptic  view of

distributional changes in the southern Benguela. Interrogating the distributional changes, fishing

effort  and  oceanographic  variability  on  both  coasts  could  help  identify  potential  drivers  of

distributional  shifts  in  demersal  fauna.  Consequences  of  species  shifting  their  distribution

northwards on the west coast might include reduced genetic interaction with populations remaining

on the Agulhas Bank. If so, this could have important implications for management.

Although Watermeyer et al. (2016) included a few of the taxa investigated here, they used a coarser

resolution and far larger area, making comparison of results difficult. Focusing on the south coast,

the T. trachurus and S. japonicus maps in Watermeyer et al. (2016) appear consistent with westward

trajectories  found in  the  present  study.  For  taxa  such as  Argyrosomus spp. and  Thyrsites  atun

(snoek), they used commercial trawl data, which likely contain spatial bias in effort and makes

comparison difficult to justify.

Examination of assumptions

One  substantial  advantage  of  estimating  distributional  changes  using  the  species  distribution

function rather than survey data directly, is that the geoGLMM is able to account for bias in the

location of samples by estimating the spatial and spatio-temporal structure within the catch records

(Thorson et al. 2016a). Despite this advantage over conventional methods, a concern was that the

spring  results  for  species  inhabiting  deeper  depths  might  be  affected  by  the  fact  that  multiple

consecutive spring surveys were limited to depth strata of ≤200 m. Restricting analyses to include

only those shallower strata, however, had minimal effects on results (not shown) and no material

effects on inferences drawn or interpretations made.

Analyses of changes in depth distribution may have contributed additional insight to this study. The

current geoGLMM framework is not structured to estimate a mean depth within the model. The

value  of  implementing  this  is  uncertain  as  depths  can  vary  substantially  within  the  area  (~2.5

nautcal mile2) of a single model grid-cell. Estimation of mean depths external to the model was

considered,  using  standardised  catch  samples  and their  depth  measurements,  as  has  been done

previously  (Dulvy et al. 2008; Engelhard et al. 2011b; Yemane et al. 2014). However, substantial

bias  (including  a  deepening  trend  in  the  autumn  time-series)  was  present  in  the  survey  data

(Appendix). Due to the challenge of accounting for such a bias effectively, calculations of mean

depths were not presented here. This also meant that depth distributions had to be contrasted in a

way that would not be affected by the trend in sampling depths, as was done for  S. acutipinnis

above.
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The results of abundance indices can be significantly impacted by changes in fishing power among

years (e.g. due to changes in gear; Engås and Godø 1986; Engås and West 1987; MacLennan 1992).

The centre of gravity and effective area calculations within the geoGLMM are independent of the

absolute magnitude of abundance values, therefore any gear or vessel bias is likely minor. Although

expected to be small, a bias might still arise if the change in gear (or vessel) results in  spatially-

varying catchability that is different among gears, i.e. one gear performs better  in certain areas

(habitats or depths) relative to another. To assess whether observed trends might be caused by such

potential bias, analyses were repeated on a dataset containing only the DAFF 'old' gear. Although

lacking significance, most taxa identified as having evidence of a trend in mean location or extent in

the  complete  dataset,  showed  similar  trajectories  in  the  curtailed,  single-gear  time-series

(Appendix). Similar trajectories supported the assumption that observed trends were not caused by a

spatially-varying bias of combining trawl gears.

Unlike the majority of taxa that had distributional trends, the centre of gravity trajectories of two

skate species (R. straeleni, D. pullopunctatus), and for the entire community combined, appeared

absent in the curtailed time-series (Appendix). This suggests that the full-period trends were reliant

on changes in the latter  ('new gear') period of the survey time-series. It is therefore difficult to

separate a true distribution trend from a gear-induced trend in these three cases, without waiting to

accumulate a substantially longer 'new gear' period. The community combined centre of gravity

records limited to the 'new gear'  time-series showed westward (and southward) trajectories (not

shown), supporting the conjecture that real distribution changes coincided with the period of gear

changes. Centre of gravity and effective area are easily estimated for the two single-gear periods

separately, via independent runs of the geoGLMM. How to justifiably align the resulting, partially-

overlapping time-series, to estimate a single trend from them, remains a challenge that requires

further research.

A final consideration that warrants discussion is  that the time-series for the autumn and spring

surveys are not directly comparable. The spring time-series is six years shorter and is displaced by

two years compared to the autumn survey series, starting two years earlier and ending eight years

earlier. The temporal mismatch might be expected to cause some difference between the two series,

even for taxa that have no distribution or behaviour change between seasons. Yet the two seasons

frequently showed similar responses, which adds weight to those response patterns, as both the

distribution estimates (by the geoGLMM) and the trend estimates (using the state-space model)

were calculated independently for the two seasons. In some cases, a trend/trajectory appeared to be

present in only one season (e.g. R. annulatus; Fig 25b), suggesting that change in conditions, likely

environmental in nature, are altering their distribution predominantly during a certain season.
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Future work

This study addressed the question of whether demersal fish have been changing their distribution

over the last 30 years and interpreted such changes in light of knowledge of fisheries pressure and

climate/environmental change. Future investigations may be able to further isolate and understand

the drivers of observed changes. This would likely require comprehensive treatment of species-

specific  factors  (e.g.  length-frequencies  and life-history  considerations),  together  with  available

oceanographic and fisheries effort data. Compilation of spatially-explicit fishing effort over time

(including  fisheries  other  than  trawling)  and  interrogation  of  subsurface  hydrographic  changes

would  be  valuable  advances  in  this  effort.  Successfully  isolating  climate  change  and  fisheries

impacts  is  possible  with  long-term  data  from  both  (e.g.  Engelhard  et  al.  2011b) or  with

comprehensive fisheries and climate data applied in a modelling framework (e.g. Bell et al. 2015).

To  gain  a  longer-term picture  of  change  in  the  demersal  community,  it  might  be  possible  to

incorporate 1897 to 1949 historical survey data, introduced in previous chapters, into the analyses

conducted  in  this  study.  The recent  DAFF trawl  survey dataset  covers  only  the  last  30  years,

subsequent to when some of the most severe fishing impacts likely took place  (Japp et al. 1994;

Payne and Punt 1995; Chapter 1). Unfortunately the incompatibility between historical and recent

survey data precluded such analyses. The units recorded (numbers of fish vs kg for the historical

and recent surveys respectively) and the non-random, highly clustered spatio-temporal distribution

of historical  survey samples  were two major  concerns.  If  these might  be overcome,  this  could

provide an exciting and valuable avenue of further research. To improve the spatial representation

of historical data, it might be feasible to pool records into multi-year periods and restrict analyses to

areas with adequate historical coverage. The difference in units might be addressed by normalising

the data to their means for each period or vessel, as the centre of gravity and effective area estimates

depend on relative values.

The current analyses could likely be improved for some species by modelling the distributions of

different size classes explicitly, using the recently developed multivariate VAST package (Thorson

and Barnett 2017). This modelling software applies the same methods as the geoGLMM, but to

multiple categories, which might be different species (for a community analysis) or different size-

or age-classes, taking into account the correlation among the species (or classes). Many species are

documented  to  be  segregated  by  size  with  depth  (e.g.  M.  capensis,  M.  paradoxus and  A.

argyrozona; Macpherson and Duarte 1991; Griffiths and Wilke 2002). Allowing the distributions to

vary for different size- or age-classes could add valuable insight, as changes might be impacting the

habitats of certain age-classes more or differently to others.
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Another improvement which might be achieved is to add a seasonal component to the geoGLMM,

allowing the use of all data within one model. A seasonal model would enable explicit assessment

of distribution differences between or among seasons. The substantial proportion (25%) of taxa that

suggested disparate distributions between the two seasons indicate the importance of considering

seasonal  variation in  investigations  of distribution changes  and management  decisions.  Another

benefit of a seasonal model would be to estimate distributions for seasons in which surveys were

not conducted. Although density (and resulting centre of gravity and effective area) predictions for

cases where there had been no sampling would have high imprecision, they might still be useful for

researchers or fisheries managers when interpreting historical data. Seasonal models might also be

useful when integrating fishery and survey data into a single spatio-temporal model, especially in

cases where surveys are conducted predominantly during a single season, yet fisheries operate over

a broader period in each year. Continued development of models that integrate fishing information

when estimating density, centre of gravity, and effective area (e.g. Kristensen et al. 2014; Thorson et

al. 2015a, 2017) are expected to be valuable tools to differentiate climate and fishing impacts using

formal statistical frameworks.

Conclusion

The first empirical evidence is presented of distributional trends in demersal species on the Agulhas

Bank. Of 44 common teleost and chondrichthyan taxa encountered in trawl surveys, nearly a quarter

revealed evidence of systematic distributional changes during the most recent three decades. The

majority  of  average  location  changes  were  towards  the  west,  following  the  direction  of  depth

contours. Emergent trends from the entire community combined showed that on average species are

moving  westwards  and  diminishing  their  spatial  extent.  These  community-wide  trends  are

interpreted to likely be a climate-related change, predominantly because they are inconsistent with

knowledge of easing pressure from trawl fisheries over most of the surveyed area. The lack of

knowledge  on  subsurface  oceanographic  changes  in  the  study  area  hampers  more  detailed

interpretation  and  attribution  of  the  identified  distributional  changes.  This  knowledge  gap  is

highlighted as a pressing research priority.

Three species showed a trend in their average location towards the east, contrary to the general

westward pattern seen in the majority of taxa. A disproportionate reduction in trawling pressure in

the areas around Port Elizabeth and further east, relative to that on the central and western grounds,

is  suspected  to  play  a  role.  It  appears  as  if  R.  globiceps has  expanded into  a  more  eastwards

distribution, whereas the two other species (Argyrosomus  spp. and R. annulatus) have contracted

towards  the  east.  The  apparent  eastward  contraction  warrants  further  attention  as  it  may  have
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implications for the management of valuable, but diminished Argyrosomus spp. stocks, which are in

need of management attention (Chapter 4).

Identification of  trends  from multi-year  variability  and thereby developing predictability  of  the

implications  of  climate  change,  hinge  on  the  availability  and  continuation  of  multi-decadal,

ecological time-series such as the trawl surveys analysed here. Long-term survey programs using

consistent methods are invaluable to building knowledge on the dynamics that drive variability in

the marine environment and the continuation of these surveys is vital to improving our management

of ocean spaces around South Africa.
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Appendix: Supplementary figures

Figure  A7.  Estimates  of  the  un-weighted  depth  centre  of  gravity  from  trawl  survey  samples,
calculated  separately  for  spring  (blue)  and  autumn  (black/grey).  Trend  line  and  shaded  95%
confidence  intervals  estimated  by the  SSM method  are  overlaid.  Inset,  p-value  and magnitude
change same as in Fig 24.
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Figure A8. The estimated centre of gravity trend for all  44 taxa,  as in Fig  22, but restricted to
samples  collected with  the 'old gear'  only.  Note  the  time-series  for  individual  species  are  only
visible when at least two adjacent years were sampled, which did not occur in the latter half of the
survey period.

Figure A9. The effective area trend estimated for all 44 taxa, as in Fig 23, but restricted to samples
collected with the 'old gear' only. Note the time-series for individual species are only visible when at
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Figure A10. Autumn (grey) and spring (blue) centre of gravity and effective area trend estimates for a) R. straeleni and b) A. pectoralis, as in Fig
24, but restricted to samples collected with the 'old gear' only.



Figure A11. Autumn (grey) and spring (blue) centre of gravity and effective area trend estimates for a) R. globiceps and b) R. annulatus, as in
Fig 25, but restricted to samples collected with the 'old gear' only.



Figure A12. Autumn (grey) and spring (blue) centre of gravity and effective area trend estimates for a) S. acutipinnis and b) T. capensis, as in Fig
26, but restricted to samples collected with the 'old gear' only.



Figure A13. Average bottom water a) temperature and b) dissolved oxygen concentration from in
situ records measured between 2003 and 2011. Contour lines represent 100, 200 and 500 m depth.
Adapted from Grüss et al. (2016). 
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Figure A14. Cumulative normalised anthropogenic pressure values considered in South Africa's
2011 national biodiversity assessment. From Sink et al. (2012a).

Figure A15. Example of  R. globiceps density predictions from the geoGLMM. The eastern and
western stocks are discernible. The densities of the eastern stock appear to increase over the time-
series.
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Chapter 6: General Conclusion

South Africa's historical marine biological data

South Africa has a wealth of under-utilised historical marine biological data that can improve our

knowledge of past  changes in fishery catches,  population abundances,  species distributions and

community assemblages. Studying such changes not only assembles the context that led to current

states, but also stimulates new ideas and hypotheses on the causal relationships among physical,

ecological or anthropogenic variables. Understanding those relationships is key to predicting the

consequences  of  management  interventions  or  other  (e.g.  climate-forced)  perturbations.  The

research  reported  in  this  thesis  has  leveraged  unique  historical  trawl  data,  a  long-term repeat

experiment and extensive recent survey data from the Agulhas Bank, to quantify changes that have

occurred  in  its  demersal  fauna  and  highlight  historical  reference  points  that  represent  its  pre-

disturbed state.

Due to the socio-economic history along Africa's southern coast and the location of the surveyed

trawl grounds (detailed in Chapter 1), these data provide rare snapshots of demersal communities

prior to substantial human impacts. Only a handful of other cases were found globally where trawl

surveys were conducted prior to development of substantial fishing capacity (Silvestre et al. 1986;

Harris and Poiner 1991; Andrew et al. 1997; Graham et al. 2001; Kongprom et al. 2003). Compared

to those, the historical data used in this study document samples from the earliest, and likely the

most pristine, temperate demersal ecosystem.

Results of this research (Chapters 3 and 4), and continued analysis of these unique historical data,

will contribute valuable lessons of relevance to trawled ecosystems globally. While aspects such as

the species, timing and specific exploitation history on the Agulhas Bank may be unique, similar

narratives of human impacts on demersal ecosystems have replayed across many parts of the world

(Jackson et al. 2001). Globally, trawled regions have few quantitative data on their pre-disturbed

ecosystems. Therefore research reported here provides a valuable case study of long-term changes

that might have taken place in such areas. The results may also contribute to interpretations of

limited anecdotal, qualitative or quantitative evidence available in other areas.

Improved knowledge of past change

Chapter 2 collated comprehensive information on the construction and fishing methods used with

early Granton otter trawls in the United Kingdom (UK). Together with written and photographic

evidence of the SS Pieter Faure vessel and her trawl gear, detailed plans were assembled for the
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reconstruction of equipment used on the Agulhas Bank over a century previously (1897-1906). The

custom-built historical gear enabled the unique long-term repeat experiments to be conducted that

were necessary for Chapters 3 and 4. As the use of those early otter trawls spread rapidly from the

UK to other trawling countries across the world, the information summarised in Chapter 2 provides

a useful understanding of the technology used in early commercial and scientific trawls in many

countries, including the UK (SS Huxley; Garstang 1905), Netherlands (SS Wodan; Anon 1908; ter

Hofstede and Rijnsdorp 2011), Norway (SS Michael Sars; Hjort 1914), Australia  (SS Thetis, FIS

Endeavour;  Department  of  Trade  and  Customs  1909) and  the  United  States  of  America  (SS

Albatross; Alexander et al. 1915; Smith 1921).

Chapter 3 demonstrated the extent to which demersal assemblages of the inshore Agulhas Bank

were altered between the early 20th century and 2015. Drastic transformations of catch compositions

point  to  substantial  modifications  of  the  demersal  ecosystem during  the  20th century.  Changes

included large declines of once-dominant taxa and the rise in abundance of species that contributed

relatively minor parts to historical assemblages. These results will contribute towards assessments

of ecosystem change and evaluation of current states  (e.g. van der Lingen et al. 2006; Sink et al.

2012a), thus addressing national research priorities. The lessons and historical context provided by

this  long-term repeat  experiment  should be considered in  research of more recent  dynamics in

demersal  ecosystems,  and  by  decision-makers  in  their  governance  of  these  resources  and

ecosystems.

By  using  directly  comparable  survey  methods,  this  long-term  experiment  enabled  quantitative

estimates  of  current  abundances  relative to  their  pre-disturbance baselines.  Examination  of  key

assumptions  suggested  that  results  were  robust  to  potential  sources  of  bias  and  remaining

uncertainties. Opportunities to provide such empirical baseline estimates are exceedingly rare. They

are expected to be of value to stock assessment scientists  as comparisons to their  retrospective

predictions and to help estimate pristine population levels (e.g. Rosenberg et al. 2005). Results from

Chapters 3 and 4 may also be used to inform choices of baseline conditions in ecological models

(e.g. Watermeyer et al. 2008).

Investigation of individual taxa in Chapter 4 revealed the magnitude of depletion at these inshore

sites for several species known to have declined. This added evidence may reduce uncertainty in the

assessment  of  current  population  levels,  contribute  towards  setting  reference  points  for  stock

recovery and help inform conservation priorities. Results could also contribute towards species or

population assessments in conservation, consumer awareness and eco-certification programs, such

as the IUCN Red List of Threatened Species, the South African Sustainable Seafood Initiative and

the Marine Stewardship Council fishery certification program.
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Drastic  declines  of  fish  species  (Argyrosomus spp.,  Austroglossus  pectoralis,  Pterogymnus

laniarius,  Argyrozona  argyrozona,  Rhabdosargus  globiceps),  from  areas  where  they  used  to

contribute  large  proportions  of  the  assemblage, are a  concern.  The  virtual  disappearance  of

previously-dominant  Argryosomus spp.  highlights  the  vulnerability  of  such  large,  schooling

Sciaenidae  to  fishing  pressure. Some  of  these  populations  clearly  require  more  effective

management interventions to allow their recovery and the improved economic benefits that can be

derived from well-managed fisheries. The studied inshore areas are in reach of multiple fishing

sectors and may suffer from additional pressures such as pollution, shipping, invasive species and

climate change. Improved enforcement of existing regulations, legislating for reduced landings or

moratoria  for  severely  depressed  species,  gear  restrictions,  lowering  market  demand  for  over-

exploited species (via consumer awareness and eco-certification programs) and increased spatial

protection of areas critical to those taxa, are proposed considerations for improved management.

The results shown for Argyrosomus spp. and A. pectoralis in Chapter 4 are of particular concern, as

survey sites covered substantial  parts  of core distribution areas for these important  commercial

species.

Novel  quantitative  evidence,  that  certain  species  have  increased  in  number  since  widespread

exploitation of their community started, was presented in Chapter 4. This may be partially due to a

decrease in size and replacement of fewer larger individuals with many smaller ones. However for

some taxa, notably  Chelidonichthys  spp. and  Trachurus capensis, the increased numbers were so

great that their summed mass is expected to have increased even if sizes decreased. Globally, long-

term comparisons of trawl survey data mostly show reduced catches of fauna, although stable or

increased catches have been documented (Greenstreet et al. 1999; Branch et al. 2010; Engelhard et

al. 2011a; Bell et al. 2014). Evidence of increased abundances from pre-disturbed catches suggest

that  some  species  have  benefited  from  the  changes  to  their  environment  during  a  century  of

industrialised  fishing,  despite  the  increased  mortality  that  fishing  must  have  caused.  Potential

reasons  for  this  were  discussed  in  earlier  chapters.  Ecological  models  and  field  experiments

involving the increased taxa might help clarify the characteristics that make certain populations

robust to exploitation and other human pressures. Encouraging market development for common

taxa  that  have  maintained  or  increased  abundances,  but  are  currently  discarded,  could  be

considered. Caution should be exercised in the case of slow-growing, low-fecundity taxa, however,

such as white sea catfish (Galeichthys feliceps) and spiny dogfish (Squalus spp.).

The first  evidence of distribution trends  of demersal  ichthyofauna for the south coast of South

Africa were presented in Chapter 5. They suggested a general westward shift in average location

and a shrinking area occupied by the trawl-caught  fish assemblage over  the last  30 years,  and
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species-specific distributional changes for nearly a quarter of taxa included in analyses. Changes in

distribution will likely have different implications for different species, depending partly on their

habitat requirements and the drivers of such change. Both fishers and fishery managers will benefit

from  understanding  distribution  trends  and  the  resultant  predictions  that  may  be  developed.

Continued monitoring of these demersal communities in annual trawl surveys will be critical to

understand their responses to changing ocean climate and to disentangle that from the effects of

fishing.

Habitat impacts

Benthic habitat was a recurring theme in explanations of changes observed over time in Chapters 3,

4 and 5. As demersal fish live on or near the seafloor, most will be influenced by physical and

biological  aspects  of  that  habitat.  Due  to  its  impacts  on  these  habitats,  trawl  activity  has  an

ecological cost beyond the removal of fish biomass  (Auster et al. 1996; Engel and Kvitek 1998;

Kaiser et al. 2000). The harm caused to Agulhas Bank fish populations by escalation of national and

international fishing efforts in the 1950s-1970s has been documented to a limited degree (Japp et al.

1994;  Booth  and  Buxton  1997b;  Sink  et  al.  2012b).  Yet  the  widespread  impacts  on  benthic

communities  that  assumedly  accompanied  those  expansions  have  received  little  attention.  The

impacted areas included hard grounds, some of which have not been trawled since the departure of

international fleets that were phased out between 1977 and the early 1990s (Japp et al. 1994). The

slow recovery rates expected of  many structure-forming epibenthic  organisms  (Sainsbury et  al.

1993; Rooper et al. 2011; de Moura Neves et al. 2015), and removal or disturbance of rocks and

consolidated sediments  that  many structure-forming species rely on  (Auster  et  al.  1996, 1997),

imply  that  these  habitats  and  their  dependent  demersal  fauna  may require  multiple  decades  to

recover. In cases where sediments have been altered, recovery might require geological time-scales.

Due to the historical expansion of fishing effort into most areas that could be trawled, researchers

are left  with few control areas that have escaped trawl impacts but consist  of the same habitat

(including sediment types) as trawled areas  (Auster et al. 1996; Frid et al. 2000; Atkinson et al.

2011a).  Without  such  control  sites,  the  retrospective  ecological  cost  of  trawling  is  difficult  to

estimate. Major bays on South Africa's south coast have been protected from trawling since between

1928 (False Bay) and the 1980s (Sink et al. 2012b). This may provide opportunity for comparative

analyses  of  benthic  habitats  inside  and  outside  of  protected  areas.  However,  two  factors  may

undermine their value as undisturbed control sites, namely 1) that sediments and habitats inside the

bays may not have completely recovered from trawl impacts prior to their closure, and 2) that they
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may suffer substantial anthropogenic pressures that might include other forms of fishing, pollution,

invasive species and climate change.

Knowledge gaps and future perspectives

The value of the historical data and results of Chapters 3 and 4 would be enhanced if they could be

converted into mass. Figures of biomass rather than numbers of fish provide a more meaningful

ecological  metric  as  they  are  less  affected  by  fish  size  and  represent  the  trophic  impact  of  a

population.  Many  users  of  these  historical  data,  including  ecological  modellers  and  stock

assessment scientists, might benefit from further research that could enable such a conversion. The

confidence in conversion factors may, however, rely on finding additional historical evidence such

as size frequencies or mean weights from the relevant era. The difficulty to predict size or weight

compositions of unexploited demersal  populations  with any certainty highlights  the problem of

missing baselines. The ratios of large to small fish recorded in the historical data for Argyrosomus

spp.  and  Merluccius  capensis appear  to  be  unlike  anything  encountered  in  recent  decades.

Parameters describing growth, mortality and life-history strategies are predominantly based on such

recent data and might be inadequate to predict the pristine states of populations.

Certain gaps in our knowledge of the Agulhas Bank environment, fisheries and ecosystem dynamics

need to be addressed if we are to disentangle the main impacts of fishing and climate change. While

a qualitative understanding of the spatio-temporal development of fisheries effort can be pieced

together from literature and various disparate catch datasets, these pieces of information have not

been  combined  into  a  coherent  model  of  fishing  effort  over  time  and  space.  Such  a  product,

covering the development of trawl and other fisheries, would be valuable to many retrospective

investigations, especially if its resolution would enable its inclusion in statistical models. 

Another knowledge gap highlighted in Chapter 5 was that of subsurface oceanographic variability

on the Agulhas Bank. In situ measurement of variables such as temperature, salinity and oxygen

have been a routine part  of annual fisheries research surveys on the Agulhas Bank for decades

(Hutchings, personal communication 2016). Yet it appears that near-bottom variability over time

has not been interrogated from these data. Such analyses are overdue and might reveal a coherent

picture of climate-forcing that could contribute to explanations of changes observed in demersal

ecosystems. Even if coherent patterns are not obvious, oceanographic covariates could potentially

be  included  in  statistical  models  similar  to  those  used  in  Chapter  5,  to  test  their  effects  on

distributions or abundances of demersal populations.
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Strengthening the rudimentary understanding of South African benthic habitats (beyond shallow

coastal  areas),  including  their  distribution  and  ecological  functions,  is  another  field  deserving

greater  research  attention.  Examination  of  historical  records  of  sediment  type  and  invertebrate

catches may provide a start to reconstructing baseline knowledge of pre-trawled benthic habitats.

Developing knowledge of  spatio-temporal  change in  benthic  communities,  and its  influence on

associated demersal fish populations, will be a valuable, but challenging, contribution.

The economic consequences of observed changes in the demersal assemblage may provide insight

on opportunity costs and provide incentive for re-building depleted fish stocks. It appears that the

economic yield of these inshore demersal communities has been eroded since the beginning of the

20th century. A large proportion of high-value fish (Argyrosomus spp., A. pectoralis, A. argyrozona,

other Sparidae and Sciaenidae) dominated historical catches,  but have largely been replaced by

species of lesser or marginal value (Chelidonicthys spp., Squalus spp., G. feliceps). Only increases

of T. capensis and M. capensis (if the latter in fact increased in biomass) would likely be considered

of economic benefit. Regaining or retaining the catch rates of un-fished ecosystems is, of course,

not realistic. However, economic models, together with the historical and re-survey catch data, may

be able to estimate the change in yields brought about by a century of exploitation. Rebuilding some

of the depleted stocks and encouraging a more diverse fishery could promote both economic (Cline

et al. 2017) and ecological resilience (Garcia et al. 2012).

Recommendations for science and management

The  results  in  this  thesis  have  implications  for  fished  and  un-fished  species,  ecosystem

management, environmental monitoring and the ecosystem approach to fisheries management. The

basis for these recommendations are outlined above, but in summary, they include:

• Incorporation of historical data into species, ecosystem and stock assessments to improve

the understanding of past dynamics prior to relatively data-rich recent periods.

• Further  scientific  scrutiny  to  understand  discrepancies  for  species  shown  to  be  heavily

depleted in repeat surveys, but which have more optimistic regional stock assessments (e.g.

P. laniarius, A. argyrozona), to enable informed management decisions for these taxa.

• Maintaining and strengthening long-term monitoring programs, such as the annual demersal

trawl survey led by the government fisheries department (DAFF). These are critical to detect

and adapt to climate change and to enable science-based management action based on the

realities of resource abundances.
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• Focused research to understand the habitat effects of inshore trawling in South Africa and

the effectiveness of current management measures.

• More effective management interventions to enable the recovery of depleted populations

investigated here (particularly Argyrosomus spp., A. pectoralis and R. globiceps).

• Improved  management  could  entail  greater  enforcement,  catch  reductions  or  moratoria,

reducing market demand for over-exploited species, gear limitations and enhanced spatial

management  measures,  including  strengthened/expanded  marine  protected  areas  and

fisheries management areas.

The value of baselines

The research in Chapters 3 and 4 demonstrated the value of baseline data. Our understanding of fish

populations  and their  ecosystems is  typically  derived from research  in  recent  decades,  without

adequate consideration of the historical context or how findings might compare to past baselines

(Jackson et  al.  2001).  Lacking historical  perspectives mean that  many scientists,  fishers,  policy

makers and laypersons under-estimate the magnitude and extent of change that took place in their

marine ecosystems since exploitation began. This is symptomatic of the erosive problem of shifting

baselines (Pauly 1995), which can only be countered by improved evidence of historical reference

points and effective communication of those findings to society. 

The research presented in this thesis has advanced knowledge of historical baselines and subsequent

change in demersal fish communities of the Agulhas Bank. Unique historical data were leveraged to

describe  temperate  fish  assemblages  from a  near-pristine  demersal  ecosystem.  Those  historical

reference  points,  together  with  a  rigorous  repeat  experiment,  demonstrated  the  magnitude  of

changes that have taken place at inshore trawling grounds. A suite of historically-dominant species

have  been  mostly  replaced  by  a  different  collection  of  taxa,  signifying  substantial  ecosystem

alteration.  Evidence of  distribution changes  in  recent  decades  adds information on more recent

dynamics  to  the  findings  of  long-term change.  These  contributions  provide  valuable  historical

context  to  contemporary  and  future  research  findings,  enabling  more  effective  management  of

ocean resources and ecosystems. Disseminating this information, especially to fishers, other ocean

users and decision makers, will be essential to counter societal acceptance of progressively eroded

marine ecosystems.
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