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The South African midwater trawl fishery targets adult horse mackerel Trachurus capensis. The bulk of the catch
is taken by a single freezer-trawler, the biggest fishing vessel operating in South African waters. As fishing takes
place off the south coast in ecologically sensitive areas, there are concerns about the potential impacts of this
fishing operation on non-target species. Fishing behaviour and bycatch of this fishery from 2004 to 2014 were
investigated by analysing observer records with regard to catch composition, volume and temporal and spatial
patterns. The midwater trawl fishery was estimated to have caught 25 415 tonnes annually, with a bycatch of
6.9% of the total catch, by weight. There are species overlaps with various fisheries, namely the demersal trawl,
small-pelagic, line, shark longline and squid fisheries, yet the total bycatch estimates from this fishery are generally
small relative to catches taken in the target fisheries. Bycatch species with the highest average annual catches were
chub mackerel Scomber japonicus, redeye roundherring Etrumeus whiteheadi, ribbonfish Lepidopus caudatus and
hake Merluccius spp. Large-fauna bycatch species included sunfish Mola mola as well as a number of CITES II- and
IUCN-listed species, such as Cape fur seal Arctocephalus pusillus, dusky shark Carcharhinus obscurus, smooth
hammerhead shark Sphyrna zygaena and thresher sharks Alopias spp. The 97.9% observer coverage is high and
the 6.9% bycatch rate low compared to other South African fisheries; however, due to the large size of the individual
hauls (average of 46.3 t), the average sampling rate of 1.56% is low. Our analyses suggest that bycatch in the South
African midwater trawl fishery has been lower than in other South African fisheries and similar fisheries elsewhere,
but due to the combination of high catch volumes and low sampling rates, estimation errors for rare species are
high and there is a substantial risk of incidental unmonitored bycatch of rare large fauna and aggregations of small
fauna. This could be mitigated by spatio-temporal management of this fishery, to avoid fishing in high-risk areas,
and the introduction of an electronic monitoring programme.
Keywords: Agulhas Bank, catch weight, large-fauna bycatch, observer protocols, quantitative analysis, sampling rate, seasonal CPUE,
spatio-temporal management
Online supplementary material: Supplementary Information detailing day/night and seasonal differences in CPUE for species in the South
African midwater trawl fishery can be found online at doi: http://dx.doi.org/10.2989/1814232X.2017.1366365

Introduction
Bycatch is regarded as one of the most persistent problems
affecting the state of marine ecosystems (FAO 2010).
The removal of large volumes of unwanted catch leads to
a waste of marine resources if this catch is discarded or
underutilised and this has a variety of effects on ecosystems and biodiversity (Pauly et al. 2002; Zhou et al. 2010;
Garcia et al. 2012). Unwanted effects include a decline in
trophic levels (Pauly et al. 2002; Pikitch et al. 2004), alteration of foodwebs (Jackson et al. 2001; Pauly et al. 2002)
and the indiscriminate removal of already-threatened
species. The latter is particularly problematic for certain
marine mammals, sea birds, sea turtles and elasmobranchs
(Alverson et al. 1994; Hall 1996). Bycatch can also cause
conflicts between fisheries, which can arise when bycatch
of one fishery is the target species of another fishery (Hall

1996) and, if unmanaged, this can lead to the closure of
fisheries (Hall et al. 2000).
Effective bycatch mitigation to avoid extinction of species,
retain ecosystem integrity, reduce waste in fisheries and
reduce inter-fishery conflicts (Hall 1996; Pikitch et al. 2004)
relies on adequate monitoring because data provided from
fisheries-dependent records, such as landings and catch
logs, lack much of the information necessary to identify,
assess and mitigate problems (Hall 1996; Kelleher 2005).
This implies increased reliance on on-board observer
data composed of a combination of environmental, biological, ecological and technological information (Hall 1996).
Careful consideration should be given to the design of
the observer protocol, keeping management objectives
in mind, to ensure that the degree of observer coverage
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and sampling frequency will result in an adequate level of
precision (Babcock et al. 2003).
Midwater trawl bycatch rates are generally low; however,
there is variation in bycatch rates and species assemblages
across regions and target species. The Icelandic fleet
targeting blue whiting Micromesistius poutassou has an
estimated bycatch rate of 0.64% (Pálsson 2005). Dutch
pelagic freezer-trawlers operating in European waters
seasonally target herring Clupea harengus, mackerel
Scomber scombrus, horse mackerel Trachurus trachurus
and blue whiting, with approximately 10% of the catch
discarded (Borges et al. 2008). Dutch pelagic freezertrawlers operating in Mauritanian waters target round
sardinella Sardinella aurita, flat sardinella S. maderensis,
pilchard Sardina pilchardus, chub mackerel Scomber
japonicus and Cunene horse mackerel Trachurus trecae,
with a bycatch rate estimated at 5.8% (Hofstede and
Dickey-Collas 2006). Chilean midwater trawlers target
Chilean jack mackerel T. murphyi, with a bycatch rate
estimated at 4.5% and a catch composition of 21 species
(Pérez Matus et al. 2005). The New Zealand jack-mackerel
fishery is based on two New Zealand species, T. declivis
and T. novaezelandiae, as well as the Chilean jack
mackerel (Anderson 2004); the bycatch rate in this fishery
is estimated at 44%, with almost 95% of this made up of
quota species or other commercial species that are usually
retained (Anderson 2004).
The South African midwater trawl fishery targets horse
mackerel Trachurus capensis, a semi-pelagic species found
all along the South African coast (Japp et al. 1994). Adult
stocks of horse mackerel aggregate on the Agulhas Bank,
near the continental-shelf break (Uozumi et al. 1984; Japp
et al. 1994), where they are targeted in this fishery (Figure
1). The South African midwater trawl fishery was initiated in
1979 when experimental permits were issued, and in 1983
the first significant landings were recorded (Japp et al. 1994).
The bulk of the catch is currently taken by a single vessel,
the Desert Diamond, a 120.47-m freezer-trawler and the
largest South African registered commercial fishing vessel.
Owing to the high species diversity of marine communities on the Agulhas Bank, commercial fisheries operating
in this area are known to have large proportions of bycatch
(Japp et al. 1994). Consequently, an observer programme
was implemented in South Africa in 2002, with a target of
100% trip coverage in the midwater-trawl sector. Bycatch
in the midwater trawl fishery is reported to contain
demersal species, such as hake Merluccius spp., as well
as mesopelagic species, such as chub mackerel Scomber
japonicus and ribbonfish Lepidopus caudatus (Japp et al.
1994; Sauer et al. 2003). Hake are the main target species
in the demersal trawl fishery and any unregulated bycatch
of these species could cause inter-fishery conflicts (Japp et
al. 1994). Potential effects on large fauna, such as seals,
dolphins, pelagic sharks and sunfish Mola mola, are an
additional concern (Lewison et al. 2004; Dulvy et al. 2008;
Pope et al. 2010), as the exploitation rates of these species
could be unsustainable.
Motivated by concerns over the possible impact of this
fishing operation on bycatch species and the potential for
inter-fishery conflicts, this article presents the first quantitative analysis of catch composition, volumes and temporal
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and spatial patterns of the South African midwater trawl
fishery. The article further aims to provide (i) a comparison with bycatch composition and volumes in other fishing
sectors operating in the same location, and (ii) information
that will assist with the sustainable management of species
of conservation concern.
Materials and methods
Data collection: the observer programme
Fishery observers were appointed to the Desert Diamond
from 1 August 2004 to 31 March 2014. One or two
observers were appointed per trip, with a total of 48
observers appointed during the study period. Observers
were instructed to observe, sample and record all trawl
catches. For each trawl, the emptying of the net was
observed and an estimate of the total catch weight was
noted. Prior to the voyage that commenced on 19 October
2006 this was a visual estimation only and corresponded
to the vessel’s logged trawl weight, based on the skipper’s
estimation. Thereafter, the total catch weight was also
calculated by the observers based on the filled volume of
the codend, using net chokers as markers to indicate the
portion of the codend filled by the catch.
Small fauna
The trawl net was emptied and small fauna were directed
through a sorting grate into holding ponds below deck, while
large fauna, such as seals, sharks and dolphins, were retained
on deck. From the ponds, a conveyor belt transported the
catch to a processing area where selected fish were removed
for further processing by the crew. The remainder of the catch
continued on the conveyor belt to a fishmeal plant.
Observers took samples from the unsorted catch on
the conveyor belt before it reached the processing area.
Several random subsamples from each trawl were taken
throughout the processing period to reduce bias, with
each subsample, consisting of three or four bins (approximately 30 kg/bin) filled from the conveyor belt, comprising
a minimum sample weight of 1% of the total catch weight.
Samples were sorted by species and the weight of each
species was recorded. Observers were seldom able to
sample small trawl catches (≤1 000 kg) since processing
was typically completed before the observers could make
their way below deck to begin sampling.
The bulk of the fish and invertebrates sampled were
identified to species level; however, certain taxa were
only identified to a higher level. To resolve disparities
in taxonomic resolution, certain taxonomic groups were
combined. All unidentified fish were consolidated into one
category (‘other fish species’) for analysis.
Large fauna
The live large fauna were released as soon as possible.
Crew were requested to set aside any dead large fauna.
Observers recorded the number of each species brought
on board, and, if possible, the length and weight of each
animal. As the length and weight measurements of the
large-sized species were not consistently recorded, the
counts of each species present in trawls were raised by the
average weight to achieve a weight estimate.
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Figure 1: Map of the South African south coast and Agulhas Bank showing the location and frequency of midwater trawls targeting horse
mackerel Trachurus capensis, monitored by observers on board the Desert Diamond freezer-trawler, between August 2004 and March 2014

𝑣𝑣i = ∑ 𝑢𝑢si
s

Data analysis
Catch weight per trawl
The calculated catch weight of each trawl was used as the
preferred measure of catch weight, but such data were not
available prior to 19 October 2006. A least-squares linear
regression was performed to test the relationship between
the calculated catch weight and the estimated catch weight
per trawl; a 1:1 relationship was expected. Regardless of
the strength or nature of the relationship, trawls for which
estimated catch weights fell outside the 99% prediction interval
were excluded in this study. To back-calculate catch weights
prior to 19 October 2006, a linear regression was used:
CW = α × EW + b

(1)

where CW is the calculated catch weight and EW is the
estimated catch weight.
The weight of the catch of each small-fauna species per trawl
was extrapolated from sample weights. The total sample weight
was calculated by totalling the sample weights of each species:
𝑣𝑣i = ∑ 𝑢𝑢si
s

(2)

where νi is the weight (kg) of the sample in trawl i, and
usi is the weight (kg) of species s in the sample of trawl i.
𝑢𝑢si
𝑤𝑤si =
× 𝑤𝑤i
𝑣𝑣i
𝑤𝑤si

The fraction of the sample weight of species s in the total
sample weight was then multiplied by the catch weight:
𝑢𝑢si
× 𝑤𝑤
𝑤𝑤si =
𝑣𝑣i 𝑢𝑢si i
𝑣𝑣i = ∑

(3)

𝑐𝑐si
𝑒𝑒i

(5)

s

where wsi is the weight (kg) of species s in trawl i, and wi is
the total catch weight (kg) estimate of trawl i.
𝑤𝑤si
CPUEsi =
𝑢𝑢si 𝑒𝑒i
Catch per unit effort 𝑤𝑤si =
× 𝑤𝑤i
𝑣𝑣i =𝑣𝑣i∑ 𝑢𝑢
Catch per unit effort (CPUE)
ofsi the small fauna was
calculated by dividing the total sweight of each species in a
trawl by the duration of the trawl:
𝑐𝑐si
CPUEsi = 𝑤𝑤
𝑒𝑒si
CPUEsi = i
𝑢𝑢si 𝑒𝑒i
(4)
× 𝑤𝑤i
𝑤𝑤si =
𝑣𝑣i
where CPUEsi is the catch per unit effort of species s in
trawl i, and ei is the duration of trawl i in hours. The duration
𝑐𝑐si
of the trawl was calculated
CPUEas
si =the time between start-trawl
𝑒𝑒i𝑤𝑤si
and start-haul times.
CPUEsi =
𝑒𝑒i
CPUE of the large fauna was calculated
by dividing the
number of individuals of each species by the duration of
the trawl:
CPUEsi =
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where csi is the count of individuals of species s in trawl i.
Trawls of less than 30-min duration were excluded from
the CPUE calculations because very short trawls in this
fishery are uncharacteristic and are likely to be the result of
problems with gear.
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Day/night patterns
Differences in CPUE data for daytime and nighttime were
tested for all species using the Mann–Whitney test with the
normal approximation for larger samples (Zar 1984). The
Bonferroni correction was applied to account for multiple
comparisons. Daytime trawls were those between 05:00
and 18:00, and nighttime trawls between 18:00 and 05:00.
Trawls that spanned daytime and nighttime were excluded
from the test.
Seasonal patterns
Differences in seasonal CPUE were tested for all species
using the Kruskal–Wallis test with the Bonferroni correction.
Pairwise comparisons between seasons were carried out
using the Mann–Whitney test. Quarter 1 included trawls from
January–March, Quarter 2 from April–June, Quarter 3 from
July–September, and Quarter 4 from October–December.
Spatial patterns
Multivariate analyses were carried out on data for small
fauna and large fauna separately. In each analysis, the
data for each species were aggregated into 20’ × 20’ grid
blocks used to report commercial trawl landings. The
CPUEsi values in each grid block were averaged to provide
̅̅̅̅̅̅̅̅̅
CPUE
sg values, where g is the grid block. Catch composition
̅̅̅̅̅̅̅̅̅
was compared among grid blocks using the CPUE
sg values
from each grid block. Grid blocks with less than 10 trawls
were excluded, unless the grid block formed part of a group
of contiguous grid blocks. To limit the analysis to species
̅̅̅̅̅̅̅̅̅
composition as opposed to catch rate, the CPUE
sg values
were converted to proportions of the average total CPUE
of the grid block. Analyses were carried out in the PRIMER
statistical package. The proportions were fourth-root
transformed to down-weight the impact of highly abundant
species. A resemblance matrix was calculated using the
Bray–Curtis measure of similarity to determine dissimilarity
among grid blocks (Clarke and Warwick 2001).
Cluster analysis was carried out using group-average
linking to construct a dendrogram for each analysis.
Similarity levels of 80% and 55% were used to define
the communities of small and large fauna, respectively.
Similarity percentage (SIMPER) analysis was used to
identify the species contributing to similarity within groups
and dissimilarity among groups.
Average annual catch estimates
The total annual catch estimates of small-fauna species were
calculated by summing the weight of the total catch of each
species per trawl for the year. As the large-fauna species
data comprised counts, an average weight for each species
was used to calculate the large-fauna total annual catch per
species. Where available, weights of large-fauna individuals were used to calculate an average weight for a species.
Individual weight data were unavailable for certain species;
accordingly, we assumed an average weight of 126.4 kg
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for bigeye thresher shark Alopias superciliosus (Kohler et
al. 1995), 42.3 kg for ragged-tooth shark Carcharias taurus,
10.0 kg for eagleray Myliobatis aquila, 14.3 kg for bullray
Pteromylaeus bovinus, 8.9 kg for blue stingray Dasyatis
chrysonota, 22.1 kg for butterfly ray Gymnura natalensis,
and 20.7 kg for spearnose skate Rostroraja alba (Dicken
et al. 2012). An average weight of 10.0 kg was assumed
for bigeye tuna Thunnus obesus, 12.7 kg for longfin tuna
T. alulunga (Mann 2013), 1.6 kg for Atlantic bonito Sarda
sarda (Nottestad et al. 2013), 2.6 kg for Cape gannet Morus
capensis, and 2.2 kg for Atlantic yellow-nosed albatross
Thalassarche chlororhynchos (Sinclair et al. 2011). To
account for unsampled and excluded trawls, annual catch
estimates were scaled up by the proportion of unsampled
and excluded trawls. The unsampled trips were not included
in the analysis as no data were provided, and the proportion of unsampled trips was negligible. Annual average
catch estimates were calculated using 2005–2013 data only;
the data for 2004 and 2014 were omitted from this analysis
because they each represented less than half a year.
Confidence intervals for catch estimates
The dataset was subjected to a nonparametric bootstrapping procedure to estimate the upper and lower limits of
95% confidence intervals (CIs) for the estimates of average
catch per haul per species per year. Observer records
were divided per month, into 12 groups, and 100 bootstrap
samples were drawn randomly 12 times from these groups,
and the bootstrap datasets were used to compute an
estimate of the average catch per trawl per sample year.
CIs were calculated as the 2.5% and 97.5% quantiles of
the ranked sample. CIs were calculated for catch estimates
of each small-fauna species for each year separately;
the procedure was repeated for the large-fauna species.
Similarly, for the average annual catch per species, CIs
were determined by sampling, randomly, with replacement,
1 000 times, the annual total catch per species over the
nine sample years. All computations were carried out in R
3.0.1 (R Development Core Team 2014).
Results
Observer coverage, sample sizes and trawl exclusions
During the study period (1 August 2004–31 March 2014),
95 of the 97 trips (97.9%) had observers on board, and the
average trip duration was 28.6 days. Of these trips, 4 303
trawls were observed, equating to 84.5% of the trawls.
In 3 173 of these trawls, the catch weight was calculated
by the observer, whereas in the remaining 1 130 trawls,
the catch weight was a visual estimate. Linear regression revealed a strong positive relationship between the
calculated catch weight (CW) and the estimated catch
weight (EW) (n = 3 173, r2 = 0.91, p < 2.2e−16). The 99%
prediction interval excluded 110 trawls (2.2%). The
exclusion of trawls with a duration of less than 30 min
resulted in a further 113 exclusions (2.2%).
Trawling behaviour
The midwater trawl fishery showed a strong diel pattern,
with roughly 85% of trawls being set at night (18:00–
05:00), and one-third of all trawls being set between
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18:00 and 21:00. Typically one trawl was set per night
but a second trawl was set approximately every fifth
night. Approximately every fifth day a daytime trawl was
also set (05:00–18:00). The majority of daytime trawls
(72.4%) were dragged at a depth range between 100 and
300 m, whereas 69.9% of nighttime trawls were dragged
at a narrower depth range of between 50 and 150 m. The
average trawl duration was 2.3 h (SD 2.2) during the day
and 2.2 h (SD 1.6) at night.
Species composition
There were 87 nominal species recorded. Teleosts made
up 99.7% of the total catch by weight; the remaining 0.3%
was made up of chondrichthyans, cephalopods, mammals
and birds. Horse mackerel Trachurus capensis dominated
the catches, constituting 93.1% by weight (Table 1). Species
that overlapped with the small-pelagic fishery, namely
redeye roundherring Etrumeus whiteheadi, sardine (or
pilchard) Sardinops sagax and anchovy Engraulis encrasicolus, constituted 1.5% of the catch. Hake overlapped
with the demersal trawl fishery and constituted 0.9% of the
catch. Species that overlapped with the line fishery, namely
snoek Thyrsites atun, carpenter Argyrozona argyrozona and
geelbek Atractoscion aequidens, constituted 0.1% of the
catch. Chokka squid Loligo vulgaris, which constituted 0.09%
of the catch, is the primary target of the squid-jigging fishery.
Shark species overlapped with the shark longline fishery and
constituted 0.05% of the catch.
Catch estimates
The Desert Diamond midwater freezer-trawler was
estimated to have caught 25 415 metric tonnes (t) annually,
of which horse mackerel catches dominated, at 23 672 t
(Table 1). After horse mackerel, species with the highest

catches were chub mackerel, redeye roundherring and
ribbonfish, with annual catches averaging 738, 345 and
249 t, respectively. The 95% CIs around the annual average
catches of individual species were wide (Tables 1 and 2).
Catches of hake, the most commercially important
demersal-trawl species, averaged 232 t annually. Catches
of important linefish species, namely snoek, carpenter and
geelbek, averaged 25.3, 9.1 and 1.2 t, respectively. Estimates
of annual catches of large-fauna species averaged 31.7 t
annually, of which Cape fur seal Arctocephalus pusillus
dominated, at 10.1 t (Table 2). Annual catches of sharks
averaged 13.8 t, with Carcharhiniformes and Lamniformes
having averaged 8.9 t and 4.8 t, respectively. Catches of other
species of bycatch concern, namely sunfish Mola mola and
dolphins (order Cetacea), averaged 3.2 and 0.3 t, respectively.
Annual average catch per haul of small-fauna bycatch
species that decreased over time included chub mackerel,
ribbonfish and sardine, whereas hake displayed an increase
in average catch per haul over time (Figure 2). Small-fauna
species with large inter-annual fluctuations in average catch
per haul were angelfish Brama brama, carpenter, dogsharks
Squalus spp., red mullet Emmelichthys nitidus nitidus, red
squid (family Ommastrephidae) and snoek. Large-fauna
bycatch species that displayed a general decrease in catch
per haul over time included smooth hammerhead shark
Sphyrna zygaena, sunfish and common thresher shark
Alopias vulpinus, whereas Cape fur seal, common dolphin
Delphinus delphis, copper shark Carcharhinus brachyurus
and mako shark Isurus oxyrinchus displayed an increase in
average catch per haul over time (Figure 3).
Day/night patterns
Significant differences between CPUE for daytime and
nighttime were detected for five of the small-fauna species

Table 1: Annual average catch estimates for the midwater trawl fishery, 2005–2013. LCI, UCI = lower, upper limits of 95% confidence
interval; t = metric tonnes
Common name
Horse mackerel
Chub mackerel
Redeye roundherring
Ribbonfish
Hake
Sardine
Large-fauna species (see Table 2)
Snoek
‘Other fish species’
Chokka squid
Carpenter
Red mullet
Skipjack tuna
Gurnards (spp. unidentified)
Red squid
Dories (spp. unidentified)
Geelbek
Angelfish
Anchovy
Dogsharks (spp. unidentified)
Lanternfish
Total

Scientific name
Trachurus capensis
Scomber japonicus
Etrumeus whiteheadi
Lepidopus caudatus
Merluccius spp.
Sardinops sagax
Thyrsites atun
Loligo vulgaris
Argyrozona argyrozona
Emmelichthys nitidus nitidus
Katsuwonus pelamis
Chelidonichthys spp.
Ommastrephids
Zeus spp.
Atractoscion aequidens
Brama brama
Engraulis encrasicolus
Squalus spp.
Lampanyctodes hectoris

Catch (t)
23 671.9
737.6
345.1
248.5
232.1
39.2
31.7
25.3
25.2
23.1
9.1
7.0
6.8
3.7
2.8
2.2
1.2
1.0
0.4
0.4
0.1
25 414.6

LCI
21 104
416
232
111
138
14

UCI
25 774
1 065
458
399
330
66

6
16
13
0
2
1
2
1
0
0
0
0
0
0

52
34
35
24
13
17
6
5
5
4
2
1
1
0

*Calculated as the percentage of the total annual average catch weight of the midwater trawl fishery.

Percentage*
93.14
2.90
1.36
0.98
0.91
0.15
0.12
0.10
0.10
0.09
0.04
0.03
0.03
0.01
0.01
0.01
<0.01
<0.01
<0.01
<0.01
<0.01
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Table 2: Annual average catch estimates for large-fauna species in the midwater trawl fishery, 2005–2013. LCI, UCI = lower, upper limits of
95% confidence interval; t = metric tonnes

Order

Common name

Genus or species

Downloaded by [41.137.103.122] at 01:41 16 November 2017

Carnivora
Carcharhiniformes

Mean
weight
(kg)
95.1
96.2
90.5
125.2
68.3
30.0
40.0
60.0
1.6

Cape fur seal
Arctocephalus pusillus
Copper shark
Carcharhinus brachyurus
Dusky shark
Carcharhinus obscurus
Smooth hammerhead shark Sphyrna zygaena
Blue shark
Prionace glauca
Blacktip shark
Carcharhinus limbatus
Soupfin shark
Galeorhinus galeus
Bull shark
Carcharhinus leucas
Catsharks (spp. unidentified) Holohalaelurus
Houndsharks (spp.
Mustelus
unidentified)
Lamniformes
Mako shark
Isurus oxyrinchus
65.0
Common thresher shark
Alopias vulpinus
228.6
Bigeye thresher shark
Alopias superciliosus
126.4
Porbeagle shark
Lamna nasus
15.0
Ragged-tooth shark
Carcharias taurus
42.3
Perciformes
Broadbill swordfish
Xiphias gladius
166.0
(families Xiphiidae and Black marlin
Istiompax indica
110.0
Istiophoridae)
Sailfish
Istiophorus platypterus
30.0
Marlin (spp. unidentified)
Tetraodontiformes
Sunfish
Mola mola
76.4
Myliobatiformes
Manta ray
Manta birostris
75.0
Eagle ray
Myliobatis aquila
10.0
Bullray
Pteromylaeus bovinus
14.3
Blue stingray
Dasyatis chrysonota
8.9
Butterfly ray
Gymnura natalensis
22.1
Pelagic stingray
Pteroplatytrygon violacea
4.0
Devil rays
Mobula
Stingrays (spp. unidentified)
Rays (spp. unidentified)
Cetacea
Bottlenose dolphin
Tursiops truncatus
164.2
Common dolphin
Delphinus delphis
80.0
Perciformes (family
Bigeye tuna
Thunnus obesus
10.0
Scombridae)
Yellowfin tuna
Thunnus albacares
20.0
Skipjack tuna
Katsuwonus pelamis
8.0
Longfin tuna
Thunnus alalunga
12.7
Atlantic bonito
Sarda sarda
1.6
Class Aves
Cape gannet
Morus capensis
2.7
Atlantic yellow-nosed
Thalassarche chlororhynchos
2.2
albatross
Rajiformes
Spearnose skate
Rostroraja alba
20.7
Lampriformes
Opah
Lampris guttatus
40.0
Total
*Calculated as the percentage of the total annual average catch weight of the midwater trawl fishery

(Supplementary Table S1). Species with higher CPUE at
night were horse mackerel, chub mackerel and gurnards
Chelidonichthys spp. Those with higher CPUE in the day
were hake and angelfish.
Significant differences between CPUE for daytime and
nighttime were detected for four of the large-fauna species
(Supplementary Table S2). Copper sharks displayed
higher CPUE at night. Species with higher CPUE in the
day were broadbill swordfish Xiphias gladius, manta ray
Manta birostris and common thresher shark.

Mean
count

Estimated
catch (t)

LCI

UCI

106.4
48.1
20.2
8.7
10.3
16.9
1.5
0.7
0.1
0.6

10.11
4.63
1.83
1.09
0.70
0.51
0.06
0.04
<0.01

3.3
0.9
0.1
0.6
0.2
0.0
0.0
0.0
0.0

21.4
9.5
4.0
1.6
1.2
1.5
0.1
0.1
<0.1

10.1
8.9

0.04
0.03

41.6
8.6
1.0
1.4
0.1
22.5
0.4
0.1
0.3
42.0
5.0
1.1
0.3
0.3
0.1
0.3
0.1
0.3
0.6
1.4
1.2
2.8
1.0
2.4
0.3
0.3
4.6
0.1

2.71
1.97
0.12
0.02
0.01
3.73
0.05
<0.01

0.6
0.9
0.0
0.0
0.0
0.9
0.0
0.0

5.8
3.4
0.4
<0.1
<0.1
7.4
0.1
<0.1

4.8

0.02

3.8

0.01

3.21
0.37
0.01
<0.01
<0.01
<0.01
<0.01

1.5
0.1
0.0
0.0
0.0
0.0
0.0

5.0
0.9
<0.1
<0.1
<0.1
<0.1
<0.1

3.2
0.4

0.01
<0.01

0.23
0.10
0.03
0.02
0.02
<0.01
<0.01
0.01
<0.01

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.5
0.3
0.1
<0.1
0.1
<0.1
<0.1
<0.1
<0.1

0.3

<0.01

0.1

<0.01

<0.1

<0.01

0.01
0.01
31.66

0.0
0.0

<0.1
<0.1

<0.1
<0.1

<0.01
<0.01

0.7
0.1

Catch per
Percentage*
Order (t)

Seasonal patterns
Significant differences in seasonal CPUE were detected for
13 of the small-fauna groups (Supplementary Table S3).
These were horse mackerel, hake, chub mackerel, redeye
roundherring, ribbonfish, sardine, ‘other fish species,’
snoek, red squid, skipjack tuna Katsuwonus pelamis,
angelfish, anchovy and gurnards.
Post-hoc analyses of the small-fauna species revealed
varying seasonal patterns of abundance across species.
Horse mackerel, hake and ribbonfish had the highest
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Figure 2: Annual average catch per haul for the South African midwater trawl small-fauna species, based on observer data collected on
board the Desert Diamond, 2005–2013

abundances (based on CPUE) during Quarter 1, whereas
chub mackerel, redeye roundherring, snoek, anchovy and
gurnards had the highest abundances during Quarter 3.
Chub mackerel was the only small-fauna species where
the differences between all seasons were significant. The
abundances of horse mackerel, snoek and gurnards during
Quarter 3 significantly differed from abundances during all
other seasons.
Significant differences between seasonal CPUE were
detected for four of the large-fauna species (Supplementary
Table S4). These were Cape fur seal, broadbill swordfish, dusky
shark Carcharhinus obscurus and blue shark Prionace glauca.
The post-hoc analyses of the large-fauna species
revealed that the highest abundance for Cape fur seal
occurred during Quarter 3, for broadbill swordfish during
Quarter 4, and for dusky and blue sharks during Quarter
1. Differences in the abundances of Cape fur seal across
the four quarters were significant between Quarters 1
and 3, 2 and 4, and 3 and 4. The abundance of broadbill
swordfish significantly differed between Quarter 4 and its
occurrence in all other seasons, and between Quarters 2
and 3. The abundance of dusky shark significantly differed
only between Quarters 1 and 4, while the abundances of

blue shark in Quarters 1 and 2 significantly differed from the
abundances in Quarters 3 and 4.
Spatial patterns
Small fauna
The aggregation of CPUE data by commercial grid blocks
̅̅̅̅̅̅̅̅̅
yielded CPUE
sg data for 55 grid blocks. The exclusion of
grid blocks with less than 10 trawls reduced this to 21 grid
blocks for spatial analysis.
Cluster analysis identified three groups of grid blocks at
the 80% similarity level (Figure 4a). Groups A and C each
included contiguous grid blocks, while Group B included
two sets of two contiguous grid blocks (Figure 4b). Group
B grid blocks lay adjacent to Group C, on the eastern
Agulhas Bank, with Group A on the central Agulhas Bank.
The eastern Agulhas Bank lies between 24° E and 27° E,
and the central Agulhas Bank lies between 22° E and 23° E
(Figure 1). Groups A and B were more similar to each other
(76% similarity) than to Group C.
The high similarity in species composition within the three
groups was driven by high proportions of horse mackerel
and chub mackerel. The relatively high proportion of hake in
Group C set this group apart from Groups A and B. Group
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Figure 3: Annual average catch per haul for the South African midwater trawl large-fauna species, based on observer data collected on
board the Desert Diamond, 2005–2013
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Figure 4: (a) Dendrogram showing the similarity in midwater trawl small-fauna catch composition among commercial grid blocks, and (b)
map of the South African south coast showing Groups A, B and C, identified by cluster analysis of the midwater trawl small-fauna catch
composition at the 80% similarity level
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Figure 5: (a) Dendrogram showing the similarity in midwater trawl large-fauna catch composition among commercial grid blocks, and (b)
map of the South African south coast showing Groups E, F and G, identified by cluster analysis of the midwater trawl large-fauna catch
composition at the 55% similarity level

A was set apart from Groups B and C by the relatively high
proportion of redeye roundherring.
Large fauna
The exclusion of trawls with an absence of large fauna
reduced the number of grid blocks that had 10 or more
trawls to 13 grid blocks.
Cluster analysis identified three groups of grid blocks
at the 55% similarity level (Figure 5a). Group E included
contiguous grid blocks, while Group F included one grid
block that was not contiguous, and Group G was composed
of a single grid block (Figure 5b). The Group E grid blocks
occurred on the eastern Agulhas Bank, with the isolated
Group F grid block lying adjacent to them. The remainder
of the Group F grid blocks occurred on the central Agulhas
Bank, with Group G adjacent.
The within-group similarity in Group F was driven by
catches of smooth hammerhead shark and Cape fur seal,
and in Group E by Cape fur seal and mako shark. Group
E was the only group with broadbill swordfish, dusky shark
and blacktip shark Carcharhinus limbatus present, while
Group G was the only group with ragged-tooth shark

present. Group G also showed an absence of smooth
hammerhead shark and manta ray, while Group F showed
an absence of bottlenose dolphin Tursiops truncatus. Group
G had a higher proportion of blue shark than the other
groups, while Group F had a higher proportion of smooth
hammerhead shark than Group E.
Discussion
Observer coverage and sampling size
The 97.9% observer coverage of trips in the South African
midwater trawl fishery is considerably higher than that of
all other South African fisheries and is achievable owing to
catches being taken by a single freezer-trawler. Only the
foreign-flagged pelagic-longline fleet has similar coverage
(100%) in terms of trips observed. Owing to logistical and other
constraints, the rates of coverage in other fisheries sectors
are much lower than the initial target of 20% coverage across
sectors, as specified for the observer programme (Walmsley
et al. 2007; Petersen et al. 2010; Attwood et al. 2011).
The mean sample rate of the total catch by weight was
1.56%. This rate is very low—a situation that can lead to
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increased sampling errors, especially for rare species.
Heales et al. (2003) determined that increasing sample
sizes taken from prawn trawls led to increases in the
accuracy of species-abundance estimates. A sample of
10% of the catch weight led to sampling errors of approximately 80% for ‘rare’ species (i.e. less than one individual
per 10 kg) and approximately 25% for ‘abundant’ species
(i.e. five or more individuals per 10 kg) (Heales et al. 2003).
An increase in the midwater-trawl sample size is, however,
unrealistic to obtain with only one or two observers appointed
per trip. The Desert Diamond is a large freezer-trawler
towing a net with an opening of 60 × 100 m, and from 2004
to 2014 the catch weight averaged 46 308 kg per haul,
with the maximum haul recorded as more than 99 000 kg.
A sample of 1.56% of the mean catch weight is approximately 722 kg, and 1.56% of the maximum catch weight is
at least 1 540 kg. An increase in the sampling rate would
require additional observers per trip or the implementation
of electronic methods of monitoring and reporting catches,
such as on-board video cameras with software capable of
measuring and identifying different species of fish.
Catch composition
Species assemblage and bycatch rate
The species diversity of the South African midwater trawl
fishery (87 species) is one-third less than the species
diversity of the inshore demersal trawl fishery (137 species)
on the Agulhas Bank (Attwood et al. 2011). The bycatch
rate of the midwater trawl fishery is vastly lower (6.9%)
than the inshore demersal trawl fishery (42%) (Attwood et
al. 2011) and also the south-coast offshore trawl fishery
(30–44%) (Walmsley et al. 2007). As the annual average
catch estimate for the midwater trawl fishery is higher
(25 415 t) than that for the inshore trawl fishery (17 434 t),
the annual average bycatch estimate for the midwater trawl
fishery is 1 743 t, less than a quarter of the annual average
bycatch estimate for the inshore trawl fishery (7 277 t). The
east-coast prawn trawl fishery has the highest bycatch rate
among South African fisheries and reportedly exceeds
80% (Fennessy and Groeneveld 1997). This pattern of
increasing bycatch rates from midwater to demersal to
prawn trawling follows global trends (cf. Alverson et al.
1994; Chuenpagdee et al. 2003; Kelleher 2005), with
bycatch and discarding rates in midwater trawling known to
be low (Berrow et al. 1998; Pierce et al. 2002; Hofstede and
Dickey-Collas 2006; Borges et al. 2008).
The South African midwater-trawl catch diversity is
similar to the New Zealand jack–mackerel fishery in terms
of catch composition at the genus or family level; however,
the bycatch rate in the New Zealand fishery is much higher.
A comparison between the New Zealand jack–mackerel
catch data and survey data revealed that the abundances
of the main bycatch species (such as barracouta and blue
mackerel) were much higher in the catch data, which could
be as a result of targeting otherwise non-target species at
certain times (Anderson et al. 2000).
The catch composition of the South African midwater
trawl fishery includes demersal species, such as hake,
gurnards, dories Zeus spp. and soupfin shark Galeorhinus
galeus, as well as pelagic species such as sardine, chub
mackerel, blue shark and mako shark. Horse mackerel are
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known to perform diel vertical migrations and occupy a wide
vertical profile (Japp et al. 1994; Pillar and Barange 1998);
thus, bycatch species in the fishery include species that
overlap spatially with horse mackerel in the pelagic zone as
well as in the demersal zone.
The most common large-fauna bycatch species in this
fishery is the Cape fur seal, with an annual average catch
rate of 106.4 individuals (0.20 per tow). The presence of
Cape fur seals in the vicinity of schools of horse mackerel
is expected since horse mackerel is a dominant fish species
in the diet of Cape fur seal on the south coast of South
Africa (David 1987). A continuation of the increasing trend
in bycatch of this species of seal will lead to conservation concerns if the catches associated with local colonies
become unsustainable.
Two dolphin species were reported in the South African
midwater trawl fishery, bottlenose and common dolphins,
and these were caught at comparatively low rates of 0.0027
and 0.0024 individuals per tow (or 1.4 and 1.2 individuals
per year), respectively. Cetacean bycatch in midwater
trawls was reported to occur almost exclusively at night in
fisheries operating in the eastern North Atlantic and around
Mauritania and New Zealand (Morizur et al. 1999; Zeeberg
et al. 2006; DuFresne et al. 2007); however, results from
this study did not show any difference between daytime and
nighttime CPUE of dolphins.
Sunfish species occur worldwide in temperate to tropical
seas, but there is a paucity of data on the biology and ecology
of M. mola (Pope et al. 2010). While this sunfish is not a
commercially important species, populations may be affected
by fishing pressure, with high levels of bycatch previously
reported in many fisheries, including the South African longline
fishery (295 sunfish per year: Pope et al. 2010).
It is estimated that an average of approximately 160 sharks
were caught each year by the South African midwater trawl
fishery for the period 2005–2013, with copper and mako
sharks caught most often. In South Africa, sharks are reportedly caught in 12 fisheries, six of which target sharks while
the remainder catch sharks as bycatch (da Silva et al. 2015).
One such fishery is the South African pelagic longline fishery
for tunas and swordfish, which caught an annual average
of 43 000 pelagic sharks during the period 1998–2005
(Petersen et al. 2009), approximately 270-times greater
than in the midwater trawl fishery. Although the midwater
trawl fishery catches comparatively low numbers of sharks
as bycatch, seven of the shark species caught (i.e. dusky,
smooth hammerhead, soupfin, mako, common thresher,
bigeye thresher and porbeagle Lamna nasus) are classified
as Vulnerable (IUCN 2015). Four of the shark species caught
(smooth hammerhead, common thresher, bigeye thresher
and porbeagle) are also included in CITES Appendix II, along
with Cape fur seal, manta ray, devilrays Mobula spp. and
bottlenose dolphin (CITES 2017).
Future catches of sharks and Cape fur seal in the region
should be closely monitored and attempts made to assess
the sustainability of the bycatch of these species. Excluder
devices that prevent the capture of marine mammals and
sharks should mitigate the bycatch of these species. However,
assessment trials of such devices on the Desert Diamond
have not yet been successful owing to the large size of the net
and the high trawling speeds (da Silva et al. 2015).
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It is important to note that, for small amounts of rarely
caught species, a Bayesian approach to expand the
sampled to unsampled portion of the trawl may be more
appropriate (Martin et al. 2015), and future studies may
choose to include this method.
There has been recent interest in the conversion of demersal
trawl fisheries to midwater trawl fisheries, particularly for species
known to migrate vertically in the water column, as a method
to mitigate bottom-habitat impact (Valdemarsen et al. 2007).
Conversion from demersal trawl fisheries to midwater trawl
fisheries on the Agulhas Bank would most likely result in an
overall reduction in the bycatch rate. However, it would also
result in increased pressure on particular species, such as Cape
fur seal, cetaceans and pelagic sharks, not currently caught in
the demersal trawl fisheries (Walmsley et al. 2007; Attwood et
al. 2011). Whereas midwater-trawl bycatch rates may be
low, attention must also be paid to absolute volumes of
bycatch. Midwater trawlers are generally large, with the
world’s largest fishing vessels being midwater freezertrawlers targeting large schools of fish (Pálsson 2005;
Hofstede and Dickey-Collas 2006; Borges et al. 2008).
Therefore, owing to the large scale of certain midwater
trawl fisheries, a low bycatch rate may still result in very
high absolute volumes of catch, as happened in the
Bering Sea pollock fishery (Larson et al. 1998). Absolute
volumes of bycatch in the South African midwater trawl
fishery are currently still low because the bulk of the
catch is taken by the single freezer-trawler.
Species overlap with other fisheries
There were 18 species caught as bycatch in the midwater
trawl fishery that are targeted in other fisheries. However,
the extent of stock-sharing is low. The total allowable
catch (TAC) of hake across the various sectors that target
hake (deep-sea demersal trawl, inshore demersal trawl,
hake longline and hake handline) was 144 671 t in 2012
(DAFF 2012). The annual average bycatch of hake in the
midwater trawl fishery is 0.2% of the TAC for hake (Table
3). In the small-pelagic fishery in 2011, the annual average
bycatch of sardine, anchovy and redeye roundherring in
the midwater trawl fishery made up less than 0.1% of the
sardine and anchovy landings, and 0.5% of the redeye
roundherring landings (DAFF 2012) (Table 3). The 14 t of
sharks caught per annum as bycatch in this fishery made
up 0.7% of the 2000-t bycatch reserve in the longline
fishery (DAFF 2012). Bycatch of geelbek, carpenter and
snoek caught in the midwater trawl fishery respectively
amounted to 0.3%, 3.5% and 0.4% of the catches in the
line fishery in 2010 (DAFF 2012). The 2010 landings data
from the squid-jigging fishery reported that 10 000 t were
landed in 2010 (DAFF 2012), while the annual average
bycatch of chokka squid in the midwater trawl fishery is
equivalent to 0.2% of the 2010 catches. This shows that
the quantities of bycatch of the overlap species in the
midwater trawl fishery are low in comparison to the quantities caught by the target fisheries.
Day/night patterns
The nocturnal bias of midwater trawls reflects the pelagic
nature of horse mackerel at night. Horse mackerel are
found close to the seabed during the day, where they are

reported to feed, exploiting the aggregations of copepods
and euphausiids near the bottom at this time (Pillar and
Barange 1998; Barange et al. 2005). At sunset, horse
mackerel ascend into the midwater, though the exact
reason for this is unclear. However, stomach fullness was
shown to decrease at night, and therefore the vertical
migration is thought to be for a purpose other than feeding
(Pillar and Barange 1998; Barange et al. 2005).
The diel pattern of migration is confirmed in the midwatertrawl catches, with the daytime CPUE of horse mackerel
approximately 60% of the nighttime CPUE. This pattern is
also apparent in the higher catch rate of horse mackerel in
the daytime in the inshore demersal trawl fishery (Attwood
et al. 2011).
Seasonal and spatial patterns
Higher catch rates of horse mackerel in summer (Quarters 1
and 4) as compared with winter (Quarters 2 and 3) correspond
to findings by Hecht (1990) who suggested an east–west
spawning migration of horse mackerel during winter. Although
catch rates of horse mackerel were lower in winter, they were
still high, at almost 77% of the summer catch rates, whereas
Hecht (1990) reported winter catch rates of horse mackerel
of approximately 40% of summer catch rates. This could be
owing to the east to west shift in trawling during winter, evident
in this fishery from the observer records. Higher catch rates
were noted during summer for other species, such as hake,
ribbonfish, sardine, broadbill swordfish, dusky shark and blue
shark, while catch rates for chub mackerel, redeye roundherring, snoek, skipjack tuna, anchovy, gurnards and Cape fur
seal were higher in winter.
The majority of trawling occurs on the eastern portion of the
Agulhas Bank, where horse mackerel are known to be more
abundant (Uozumi et al. 1984; Japp et al. 1994); however,
catch composition revealed that the proportion of horse
mackerel in catches on both the eastern and central Agulhas
Bank is high. The disjunct distribution of horse mackerel
across the Agulhas Bank mirrors distribution patterns found in
a demersal-trawl survey carried out in the early 1980s which
noted the average size of horse mackerel increased offshore
and eastwards (Uozumi et al. 1984). Catch-composition
analysis in our study also revealed that the proportion of hake
in catches was higher on the eastern Agulhas Bank, while
the proportion of redeye roundherring and chub mackerel in
catches was higher on the central Agulhas Bank.
Summary
Although the observer coverage of the midwater trawl fishery
was high for the period surveyed, the combination of large
catches (average 46.3 t per haul) and a low sampling rate
(1.56%) suggests large observation error in the bycatch figures.
The catch of non-target species in the South African
midwater trawl fishery was 6.9%, which is low in comparison to other South African trawl fisheries. The absolute
volumes of bycatch were also low as compared to other
South African trawl fisheries. Converting the demersal trawl
fishery in the region to a midwater trawl fishery would likely
result in a lower bycatch rate, but could result in higher
absolute volumes of bycatch if the fleet were to consist of
(more than one) large freezer-trawlers.
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232
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90 000

Small-pelagic
Anchovy
Hake
Hake
South African fishery
Target

Sardine

There are species overlaps with various fisheries, namely
the demersal trawl, small-pelagic, line, shark longline
and squid fisheries, but the total catch estimates from the
midwater trawl fishery were small relative to catches taken
in the target fisheries.
As the bycatch in this fishery includes species of conservation concern, particularly certain sharks and Cape fur
seal, future investigations should focus on finer-scale
assessments in an effort to reduce catches of such species
vulnerable to exploitation. Additional studies should include
analysis of data using decision-support software, such as
Marxan, to identify ocean areas and times where reductions
in trawling could achieve targets for bycatch-reduction while
minimising negative impacts on the midwater-trawl industry.

References

Redeye
roundherring
120 000
65 000
(2011 landings data)
0.4
345

Shark longline
Sharks

Geelbek

Linefish
Carpenter

Snoek

Squid
Chokka squid

Reed, Kerwath and Attwood

Table 3: Impact of bycatch of species targeted in other fisheries, and impact of bycatch of horse mackerel Trachurus capensis in other fisheries (TAC/PMCL and landings data obtained from
DAFF [2012]); see text for scientific names of species. TAC = total allowable catch; PMCL = precautionary maximum catch limit; t = metric tonnes

Downloaded by [41.137.103.122] at 01:41 16 November 2017

290

Alverson DL, Freeberg MH, Murawski SA, Pope JG. 1994. A global
assessment of fisheries bycatch and discards. FAO Fisheries
Technical Paper 339. Rome: FAO.
Anderson OF. 2004. Fish discards and non-target fish catch in the
trawl fisheries for arrow squid, jack mackerel, and scampi in New
Zealand waters. New Zealand Fisheries Assessment Report
2004/10. Wellington, New Zealand: National Institute of Water
and Atmospheric Research (NIWA).
Anderson OF, Clark MR, Gilbert DJ. 2000. Bycatch and discards in
trawl fisheries for jack mackerel and arrow squid, and in longline
fishery for ling, in New Zealand waters. NIWA Technical Report
74. Wellington, New Zealand: National Institute of Water and
Atmospheric Research (NIWA).
Attwood CG, Petersen SL, Kerwath SE. 2011. Bycatch in South
Africa’s inshore trawl fishery as determined from observer
records. ICES Journal of Marine Science 68: 2163–2174.
Babcock EA, Pikitch EK, Hudson CG. 2003. How much observer
coverage is enough to adequately estimate bycatch? Miami Florida:
Pew Institute for Ocean Science, and Washington, DC: Oceana.
Barange M, Pillar S, Huse I, Hutchings L. 2005. Vertical migration,
catchability and acoustic assessment of semi-pelagic Cape
horse mackerel Trachurus trachurus capensis in the southern
Benguela. African Journal of Marine Science 27: 459–469.
Berrow SD, O’Neill M, Brogan D. 1998. Discarding practices and
marine mammal by-catch in the Celtic Sea herring fishery.
Biology and Environment 98: 1–8.
Borges L, van Keeken OA, van Helmond ATM, Couperus B,
Dickey-Collas M. 2008. What do pelagic freezer-trawlers
discard? ICES Journal of Marine Science 65: 605–611.
Chuenpagdee R, Morgan LE, Maxwell SM, Norse EA, Pauly D. 2003.
Shifting gears: assessing collateral impacts of fishing methods in
US waters. Frontiers in Ecology and the Environment 1: 517–524.
CITES (Convention on International Trade in Endangered Species
of Wild Fauna and Flora). 2017. Appendices I, II and III. Available
at: https://cites.org/eng/app/index.php [accessed 26 May 2017].
Clarke KR, Warwick RM. 2001. Change in marine communities: an
approach to statistical analysis and interpretation. Plymouth, UK:
PRIMER-E Ltd.
DAFF (Department of Agriculture Forestry and Fisheries). 2012.
Status of the South African marine fishery resources 2012. Cape
Town, South Africa: DAFF.
da Silva C, Booth AJ, Dudley SFJ, Kerwath SE, Lamberth SJ,

291

Downloaded by [41.137.103.122] at 01:41 16 November 2017

African Journal of Marine Science 2017, 39(3): 279–291

Leslie RW et al. 2015. The current status and management of
South Africa’s chondrichthyan fisheries. African Journal of Marine
Science 37: 233–248.
David JHM. 1987. Diet of the South African fur seal (1974–1985)
and an assessment of competition with fisheries in southern
Africa. South African Journal of Marine Science 5: 693–713.
Dicken ML, Smale MJ, Booth AJ. 2012. Long-term catch and effort
trends in Eastern Cape Angling Week competitions. African
Journal of Marine Science 34: 259–268.
DuFresne SP, Grant AR, Norden WS, Pierre JP. 2007. Factors
affecting cetacean bycatch in a New Zealand trawl fishery.
DOC Research and Development Series 282. Wellington, New
Zealand: Department of Conservation.
Dulvy NK, Baum JK, Clarke S, Compagno LJV, Cortés E, Domingo
A et al. 2008. You can swim but you can’t hide: the global status
and conservation of oceanic pelagic sharks and rays. Aquatic
Conservation: Marine and Freshwater Ecosystems 18: 459–482.
FAO (Food and Agriculture Organization). 2010. The state of world
fisheries and aquaculture. Rome: FAO.
Fennessy ST, Groeneveld JC. 1997. A review of the offshore
trawl fishery for crustaceans on the east coast of South Africa.
Fisheries Management and Ecology 4: 135–147.
Garcia SM, Kolding J, Rice J, Rochet M-J, Zhou S, Arimoto T et
al. 2012. Reconsidering the consequences of selective fisheries.
Science 335: 1045–1047.
Hall MA. 1996. On bycatches. Reviews in Fish Biology and
Fisheries 6: 319–352.
Hall MA, Alverson DL, Metuzals KI. 2000. By-catch: problems and
solutions. Marine Pollution Bulletin 41: 204–219.
Heales DS, Brewer DT, Wang YG, Jones PN. 2003. Does the size of
subsamples taken from multispecies trawl catches affect estimates
of catch composition and abundance? Fishery Bulletin 101: 790–799.
Hecht T. 1990. On the life history of Cape horse mackerel
Trachurus trachurus capensis off the south-east coast of South
Africa. South African Journal of Marine Science 9: 317–326.
Hofstede R, Dickey-Collas M. 2006. An investigation of seasonal and
annual catches and discards of the Dutch pelagic freezer-trawlers
in Mauritania, northwest Africa. Fisheries Research 77: 184–191.
IUCN (International Union for Conservation of Nature). 2015. The
IUCN Red List of Threatened Species. Version 2015–4. Available
at: http://www.iucnredlist.org [accessed 28 December 2015].
Jackson JB, Kirby MX, Berger WH, Bjorndal KA, Botsford LW,
Bourque BJ et al. 2001. Historical overfishing and the recent
collapse of coastal ecosystems. Science 293: 629–637.
Japp DW, Sims P, Smale MJ. 1994. A review of the fish resources of
the Agulhas Bank. South African Journal of Science 90: 123–134.
Kelleher K. 2005. Discards in the world’s marine fisheries. An
update. FAO Fisheries Technical Paper 470. Rome: FAO.
Kohler NE, Casey JG, Turner PA. 1995. Length–weight
relationships for 13 species of sharks from the western North
Atlantic. Fishery Bulletin 93: 412–418.
Larson DM, House BW, Terry JM. 1998. Bycatch control in
multispecies fisheries: a quasi-rent share approach to the Bering
Sea/Aleutian Islands midwater trawl pollock fishery. American
Journal of Agricultural Economics 80: 778–792.
Lewison RL, Crowder LB, Read AJ, Freeman SA. 2004.
Understanding impacts of fisheries bycatch on marine
megafauna. Trends in Ecology and Evolution 19: 598–604.
Mann BQ (ed.). 2013. Southern African marine linefish species
profiles. Special Publication No. 9. Durban, South Africa:
Oceanographic Research Institute.
Martin SL, Stohs SM, Moore JE. 2015. Bayesian inference and
assessment for rare-event bycatch in marine fisheries: a drift
gillnet fishery case study. Ecological Applications 25: 416–429.
Morizur Y, Berrow SD, Tregenza NJC, Couperus AS, Pouvreau

S. 1999. Incidental catches of marine-mammals in pelagic trawl
fisheries of the northeast Atlantic. Fisheries Research 41: 297–307.
Nottestad L, Tangen O, Tangen M, Bjelland O. 2013. Atlantic bonito
(Sarda sarda) in Nordic waters: biology, distribution and feeding.
Collective Volume of Scientific Papers ICCAT 69: 2145–2148.
Pálsson ÓK. 2005. An analysis of by-catch in the Icelandic blue
whiting fishery. Fisheries Research 73: 135–146.
Pauly D, Christensen V, Guénette S, Pitcher TJ, Sumaila UR,
Walters CJ et al. 2002. Towards sustainability in world fisheries.
Nature 418: 689–695.
Pérez Matus A, Buschmann AH, Cortés C. 2005. Bycatch en Chile: una
aproximacion a los efectos de la pesca en la biodiversidad marina.
Santiago, Chile: Oceana – Oficina para América del Sur y Antártica.
Petersen S, Honig M, Ryan P, Underhill L, Compagno L. 2009. Pelagic
shark bycatch in the tuna- and swordfish-directed longline fishery off
southern Africa. African Journal of Marine Science 31: 215–225.
Petersen S, Paterson B, Basson J, Moroff N, Roux J-P, Augustyn
J, D’Almeida G (eds). 2010. Tracking the implementation of an
ecosystem approach to fisheries in southern Africa. WWF South
Africa Report Series – 2010/Marine/001.
Pierce GJ, Dyson J, Kelly E, Eggleton JD, Whomersley P, Young
IAG et al. 2002. Results of a short study on by-catches and
discards in pelagic fisheries in Scotland (UK). Aquatic Living
Resources 15: 327–334.
Pikitch EK, Santora C, Babcock EA, Bakun A, Bonfil R, Conover
DO et al. 2004. Ecosystem-based fishery management. Science
305: 346–347.
Pillar SC, Barange M. 1998. Feeding habits, daily ration and
vertical migration of the Cape horse mackerel off South Africa.
South African Journal of Marine Science 19: 263–274.
Pope EC, Hays GC, Thys TM, Doyle TK, Sims DW, Queiroz N et al.
2010. The biology and ecology of the ocean sunfish Mola mola:
a review of current knowledge and future research perspectives.
Reviews in Fish Biology and Fisheries 20: 471–487.
R Development Core Team. 2014. R: a language and environment
for statistical computing. Vienna, Austria: R Foundation for
Statistical Computing. Available at: http://www.r-project.org/
[accessed 15 November 2014].
Sauer WHH, Hecht T, Britz PJ, Mather D (eds). 2003. An economic
and sectoral study of the South African fishing industry: Vol.
2. Fishery profiles. Report prepared for Marine and Coastal
Management. Grahamstown, South Africa: Rhodes University.
Sinclair I, Hockey P, Tarboton W, Ryan P. 2011. Sasol birds of
southern Africa. Cape Town, South Africa: Struik Nature.
Uozumi Y, Hatanaka H, Sato T, Augustyn CJ, Payne AIL, Leslie RW.
1984. Report on the Japan/South Africa joint trawling survey on the
Agulhas Bank in November/December 1981. Far Seas National
Fisheries Research Institute Report, Series No. 11. Shimizui,
Shizuoka, Japan: National Research Institute of Far Seas Fisheries.
Valdemarsen JW, Jorgensen T, Engas A. 2007. Options to
mitigate bottom-habitat impact of dragged gears. FAO Fisheries
Technical Paper 506. Rome: FAO.
Walmsley SA, Leslie RW, Sauer WHH. 2007. Bycatch and
discarding in the South African demersal trawl fishery. Fisheries
Research 86: 15–30.
Zar JH. 1984. Biostatistical analysis. Englewood Cliffs, New Jersey:
Prentice-Hall.
Zeeberg J, Corten A, de Graaf E. 2006. Bycatch and release of
pelagic megafauna in industrial trawler fisheries off northwest
Africa. Fisheries Research 78: 186–195.
Zhou S, Smith ADM, Punt AE, Richardson AJ, Gibbs M, Fulton EA
et al. 2010. Ecosystem-based fisheries management requires a
change to the selective fishing philosophy. Proceedings of the
National Academy of Sciences of the United States of America
107: 9485–9489.

Manuscript received January 2017 / revised June 2017 / accepted July 2017

View publication stats

