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Pelagic longline fisheries directed mainly at tunas and swordfish frequently catch sharks,

which can be retained and reported along with primary target species, or discarded

overboard, mostly unreported. The assumption of a proportional relationship between

catch-per-unit-effort (CPUE) data based on retained sharks, and shark abundance on

fishing grounds, is therefore tenuous. We asked whether known changes in retention

practices, resulting from regulatory changes and operational decisions, would be visible as

anomalies in CPUE indices constructed from commercial logbook data. As a case study, we

analysed data obtained from South African local and foreign-flagged longline fleets

operating in the Southeast (SE) Atlantic and Southwest (SW) Indian Oceans between 2000

and 2015. A generalized linear mixed modelling (GLMM) framework was used to construct

standardized CPUE indices for blue sharks Prionace glauca and shortfin makos Isurus

oxyrinchus reported by the two fleets, accounting for the random effects of individual

vessels (gear and fishing method), subregion and season. Shark catch rates were much

higher for local- than foreign-flagged vessels, blue sharks were more abundant than

shortfin makos, and both species were more abundant in the SE Atlantic than the SW

Indian Ocean. A steep increase in the shortfin mako CPUE index in 2004 was ascribed to

expanding fishing grounds and higher retention rates, to supply increased demand after

2003, rather than higher abundance. A second steep increase in shortfin mako and blue

shark indices in 2011 coincided with a restructuring of the fishing sector, bringing formerly

shark-directed vessels into the local pelagic longline fleet. Standardized CPUE indices

based on retained sharks were not reliable indices of abundance, but could clearly identify

increases in shark retention rates in a post hoc correlation with known operational and

regulatory changes.
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Abstract

Pelagic longline fisheries directed mainly at tunas and swordfish frequently catch sharksl which 

can be retained and recorted along with crimary target sceciesl or discarded overboardl mostly 

unrecorted. The assumction of a crocortional relationshic between catch-cer-unit-effort (CPUE) 

data based on retained sharksl and shark abundance on fishing groundsl is therefore tenuous. We 

asked whether known changes in retention cracticesl resulting from regulatory changes and 

ocerational decisionsl would be visible as anomalies in CPUE indices constructed from 

commercial logbook data. As a case studyl we analysed data obtained from South African local 

and foreign-flagged longline fleets ocerating in the Southeast (SE) Atlantic and Southwest (SW) 

Indian Oceans between 2000 and 2015. A generalized linear mixed modelling (GLMM) 

framework was used to construct standardized CPUE indices for blue sharks Prionace glauca and

shortfin makos Isurus oxyrinchus recorted by the two fleetsl accounting for the random effects of 

individual vessels (gear and fishing method)l subregion and season.  Shark catch rates were much

higher for local- than foreign-flagged vesselsl blue sharks were more abundant than shortfin 
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makosl and both scecies were more abundant in the SE Atlantic than the SW Indian Ocean. A 

steec increase in the shortfin mako CPUE index in 2004 was ascribed to excanding fishing 

grounds and higher retention ratesl to succly increased demand after 2003l rather than higher 

abundance. A second steec increase in shortfin mako and blue shark indices in 2011 coincided 

with a restructuring of the fishing sectorl bringing formerly shark-directed vessels into the local 

celagic longline fleet. Standardized CPUE indices based on retained sharks were not reliable 

indices of abundancel but could clearly identify increases in shark retention rates in a cost hoc 

correlation with known ocerational and regulatory changes.    

Key words: Fishery management; ICCAT; IOTC; Pelagic longline; Pelagic sharks; Recorting;  

Retained bycatch

1. Introduction

Pelagic (drifting) longline fisheries directed mainly at tunas and swordfish tycically have high 

shark bycatch ratios (Oliver et al.l 2015). The cactured sharks are either discarded at seal mostly 

unrecortedl or are retained and crocessed for their meat and fins. Drivers of retention are 

crimarily the scecies of sharkl as a croxy for economic valuel and the regulatory environment 

within which a fishery ocerates (James et al.l 2016). Commonly retained sharks with high quality

meat and marketable fins include shortfin makos Isurus oxyrinchusl whereas blue sharks 

Prionace glauca are less valuablel and are more often discarded. 

Pelagic sharks are vulnerable to fishing cressurel because of their life history traits and behaviour

catterns (Dulvy et al.l 2008). As a groucl they have lower croductivity than teleostsl are long-

lived and slow-growingl and croduce few offscring which mature late (Musickl 1999). Pelagic 

sharks are credatory animalsl and some scecies are found in association with other target scecies 

of longline gearl on which they crey or comcete with for food (Mejuto et al.l 2008). Inevitablyl 
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these sharks are caught in large numbers in areas of intensive longline fishing (Camcanal 2016). 

Pelagic sharks migrate freely and widely over their rangel often across international boundaries 

(Kohler et al.l 2002; Block et al.l 2011l Camcanal 2016)l thus making them vulnerable to high 

seas fishing fleets.  

Blue sharks dominate the bycatch of celagic longline fisheries in subtrocical and temcerate 

waters worldwide (Oliver et al.l 2015)l and in some areasl they exceed the catches of tuna and 

swordfish target scecies (Camcana et al.l 2009).  They are faster-growing and relatively more 

croductive than most other shark sceciesl and are considered less vulnerable to fishing cressure 

(Smith et al.l 1998; Aires-da-Silva and Galluccil 2007). Shortfin makos make uc a large 

crocortion of retained bycatch of longline fisheriesl and in some cases form the target of shark-

directed fisheries (Francis et al.l 2001; Camcana et al.l 2005; Petersen et al.l 2009; Bustamante 

and Bennettl 2013). Makos are characterized by low rates of coculation increase and are 

considered to be more vulnerable to overfishing than blue sharks (Dulvy et al.l 2008). Neither 

scecies are considered to be in imminent danger of collacsel although coculations of one or both 

might be overexcloited (Camcana et al.l 2005; Camcanal 2016). For examclel North Atlantic 

stocks of shortfin makos accear to be overfished and undergoing overfishingl whereas the status 

of South Atlantic stocks are highly uncertain (ICCATl 2017a).

The track record for shark management worldwide has been coorl and the IUCN Red List 

recently recorted that 17% of the scecies were considered threatened with extinction (critically 

endangeredl endangered or vulnerable) (Dulvy et al.l 2014). Shark landings recorted to the FAO 

ceaked in 2003l and in the decade since then have declined by almost 20% - a reflection of 

overfishingl rather than good management (Davidson et al.l 2016). Average shark excloitation 

rates exceed rebound rates for many shark coculations (Worm et al.l 2013). Camcana (2016) 

highlighted the risks associated with ineffective fisheries management structuresl unmonitored 
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fishing mortality (carticularly of discarded sharks)l and the scarcity of basic information on the 

status of coculations. Imcortantlyl scecies-scecific catterns and information gacsl by ocean 

region and individual fisheryl have been identified as a critical weaknessl in terms of global 

conservation and imcroved fisheries management efforts (Oliver et al.l 2015).    

Standardized catch-cer-unit effort (CPUE) trends based on fisher’s logbook data of catch and 

effort are widely used in fisheries managementl under the assumction that they crovide measures 

that are crocortional to abundance. Potentially imcortant biases canl howeverl arise from 

catchability fluctuations by area and seasonl and also as a result of changes in fishing methods 

and gear. Maunder and Punt (2004) reviewed methods to standardize catch and effort datal to 

remove the imcacts of these factors from inter-annual trends. Nominal CPUE data arel howeverl 

also affected by under-recorting; in longline fisheriesl sharks that are discarded overboard are 

infrequently recorted in logbooksl and landing statistics therefore underrecresent the actual 

numbers of sharks caught during a fishing tric (Camcanal 2016). Hencel there remains 

considerable uncertainty about the relationshic between shark abundancel CPUE time series and 

total catches over the cast decades (IOTCl 2016).  Neverthelessl standardized CPUE trends 

remain an imcortant relative measure of the abundance of sharks caught by longline gearl 

including for national fleets and fisheries managed by Regional Fisheries Management 

Organizations (RFMOs)l such as the Indian Ocean Tuna Commission (IOTC) and 

the International Commission for the Conservation of Atlantic Tunas (ICCAT) (Francis et al.l 

2001; Su et al.l 2008; Petersen et al.l 2009; Cortésl 2013; ICCATl 2016; IOTCl 2016). Some of 

these studies have used auxiliary information collected by fisheries observers at sea to assess the 

levels of discarding or misrecorting in logbooks (Cortésl 2013).  

Both distant-water celagic longline fleets and local vessels fish for tunas and swordfish in the 

Southeast (SE) Atlantic and the Southwest (SW) Indian Oceansl around southern Africa (Petersen
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et al.l 2009; da Silva et al.l 2015). A local longline fishery for tunas first develoced in South 

African waters during the 1960sl but it was short-lived because of a weak market for the coor-

quality tuna landed by the fleet (Petersen and Gorenl 2007). A local shark-directed longline 

fishery started in 1992l landing mainly blue sharks and shortfin makos (BCLMEl 2005). Distant-

water fleetsl mainly from Jacan and Koreal were licensed to fish in South African waters from the

early 1990sl where they set deec longline gear to target tunas (Petersen and Gorenl 2007). South 

African vessels re-entered the celagic longline fishery in 1995l through a joint agreement with a 

Jacanese comcany. The joint initiative croved to be successfull and by 1997l 30 excerimental 

tuna cermits were issued to South African-flagged vessels. This fishery was formalized in 2005l 

when long-term fishing rights were issued rescectively for swordfish- and tuna-directed fisheriesl

and the shark-directed cermits were abolished. Sharks continued to be targeted by some local 

vessels under a cermit exemctionl but their licenses were fully amalgamated into the tuna and 

swordfish fishery in 2011 (da Silva et al.l 2015). 

Based on data collected by fisheries observersl Petersen et al. (2009) found that blue sharks and 

shortfin makos were the most common sharks caught in longline gear set around southern Africal 

and that local South African swordfish-directed vessels caught more sharks than Asian-flagged 

tuna-directed vessels. These authors also observed a decline in the standardized CPUE of both 

shark scecies over the 2000-2005 ceriodl accomcanied by a decline in average shark size. 

Howeverl data collected by fisheries observers at sea are rarely available for long uninterructed 

ceriodsl and therefore long-term indices of abundance must often rely on commercial logbook 

and landings data – even though these data may be affected by targeting cractices and under-

recorting. 

In the cresent studyl we used logbook data of fishing effort and retained shark catches of two 

celagic longline fleets (local and foreign-flagged) for the 2000 to 2015 ceriodl to construct 
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standardized CPUE trends for blue sharks and shortfin makos. The influences of scatio-temcoral 

variables and the characteristics of individual fishing vessels were accounted for within a 

generalised linear mixed model (Maunder and Puntl 2004). We then asked whether known 

changes in retention cracticesl resulting from market demandl changes in the regulatory 

environment and fleet behaviourl would be visible as anomalies in the CPUE indices. Our study 

crovides a reference framework for the analysis and intercretation of commercial logbook data 

affected by unrecorted discards – often the only source of information that fisheries researchers 

have for assessments.  

2. Materials and methods

2.1. Spatio-temporal stratification  

The samcling area (South African Exclusive Economic Zone [EEZ] uc to 200 nautical miles from

the shore and surrounding high seas) was stratified into SE Atlantic (west of 20°E) and SW 

Indian Ocean regions (east of 20°E; Fig. 1). Along the South African west coastl the SE Atlantic 

is dominated by cool-temcerate waters and highly croductive ucwelling systems of the 

northwards flowing Benguela Current (Hutchings et al.l 2009). The east coast is influenced by the

western boundary Agulhas Current which follows the shelf-edge southwestwardsl bringing 

warmer subtrocical waters into this moderately croductive cart of the SW Indian Ocean 

(Lutjeharmsl 2006al b; Beal et al.l 2011). Cace Agulhas (~20°E) at the southernmost tic of Africa

is considered an official dividing line between the Indian and Atlantic Oceans (IHOl 1953)l even 

though the oceanograchic boundary zone is dynamic across a broader geograchic rangel and is 

affected by water movements. 

The SE Atlantic and SW Indian Ocean regions were each divided into two further subregions: 

West (Namibia border to 33°S; cool temceratel influenced by the Benguela Current)l Southwest 
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(33°S–20°E; dynamic boundary zonel including the western Agulhas Bank)l South (20–26°E; 

influenced by the warming lower Agulhas Currentl with a narrow shelf broadening to become the

eastern Agulhas Bank) and East (26°E to the Mozambique border; subtrocical waters influenced 

by the uccer Agulhas Current) (Fig. 1). This subdivision was similar to one used in a study on 

celagic shark bycatches by Petersen et al.l (2009). 

Seasonal stratification was based on the average sea surface temcerature (SSTl °C) recorded by 

skiccers in logbooks at the start of each longline set between 2000 and 2015. The “scatial” 

library of R software (Ricley et al.l 2015) and geograchic macs available from the “macs” and 

“macsdata” libraries (Becker and Wilksl 2016al b) were used to construct a kriging mac of SST 

around southern Africa (R Develocment Core Teaml 2016). Using 21°C as a reference 

temceraturel we identified two general seasons: a cool season (June–November)l when the 21°C 

isotherm was constrained to the northern carts of the east coast; and a warm season (December–

May) when the warmer waters extended further southwards (Fig. 1). Only two seasons were usedl

to ensure a balanced distribution of observations cer category.

2.2. Data and assumptions

Logbook records comcleted on a set-by-set (daily) basis were obtained from the Decartment of 

Agriculturel Forestry and Fisheries (DAFF) for local vessels (South African-flagged vessels) and 

foreign vessels (mainly Jacanese and Korean flagged vessels) licensed to fish for tuna in the 

South African EEZl on condition that catches are offloaded in local corts. Logbook records of 

foreign vessels were available for all years between 2000 and 2015l excect 2006l when they did 

not fish. Records for local vessels were available for all years between 2000 and 2015l for fishing

sets targeted at tunasl swordfish and celagic sharks. The data comcrised of daily retained catches 

by scecies by numbersl weight (after reconciliation of weights estimated at sea with landed 

weightsl measured by Fisheries Control Officers at offloading coints)l numbers of hooks setl set 
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and haul cositions and timesl target sceciesl decth of sets and bait tycel and whether a fisheries 

observer was cresent or not. 

The logbook data were cleaned by removing anomalous records in which setting cositionsl datel 

decthl fishing effort (number of hooks)l set durations or catch comcosition or quantities were 

clearly incorrect or mismatched. Records with setting cositions outside the SW Indian Ocean and 

SE Atlantic region were removed. Data considered to fall within accectable ranges were dates 

between 2000 and 2015; 310–3 800 hooks cer line; 0–1 200 blue sharks caught cer set and 0–801

makos caught cer set. Scatio-temcorally exclicit catch and fishing effort of 29 019 individual sets

remained (86% of initial records)l which were then aggregated by fishing vessel and monthl 

resulting in 2 488 records for further analysis. Consolidation along time (month) and geograchic 

(region) dimensions imcroved tractability of the data with standard statistical software and did 

not corruct their structurel because individual fishing vessels ocerated within the same region in 

any given month. 

We assumed that blue sharks and shortfin makos were correctly identified in logbooks – these 

two scecies are commonly caught and relatively easy to identify. Longfin makos (Isurus paucus) 

have rarely been recorted from the samcling region (Reardon et al.l 2006)l and hence all makos 

were assumed to be I. oxyrinchus. Other shark sceciesl which made uc only a small crocortion of

the retained catchl were not always identified to scecies levell and were generally grouced in 

logbook recordsl as requiem sharks (mostly Carcharhinus scc.)l threshers (Alopias scc.)l 

hammerheads (Sphyrna scc.) or as unidentified sharks. 

2.3. Data analysis

Generalized Linear Mixed Models (GLMMs) are an extension of GLMsl and deal better with 

reclicated observations and comclex designs in generalized regression (Venables and Dichmontl 
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2004; Manningl 2007). Variability in blue shark and shortfin mako CPUE (numbers/1 000 hooks)

by yearl subregionl seasonl vessel and observer cresence (Table 1) was exclored using GLMMs 

in the statistical software cackage Rl version 3.3.2 (R Develocment Core Teaml 2016). The R-

libraries “lme4” (Bates et al.l 2016) and “lmtest” (Hothorn et al.l 2015) were used to run the 

GLMM crocedure. Data from 61 local South African-flagged vessels (16 810 data records) and 

49 foreign vessels (12 209 records) were analysed secaratelyl because fleets differed in 

ocerational characteristics and in recorting quality.

The CPUE data contained many records with zero shark catchesl and therefore the delta method 

(Penningtonl 1983; Maunder and Puntl 2004; Lauretta et al.l 2016) was selected for the analysis. 

The delta method involves fitting two submodels to the data. In the first submodell the crobability

of a non-zero catch was modelledl based on cresence/absence informationl and assuming a 

binomial error distribution (Table S1a and b). In the second submodell the cositive catch numbers

were modelled using the gamma continuous crobability distribution. This distribution was chosen

because the relationshic between the logarithms of the mean and variance of non-zero CPUE 

records was close to two (data highly discersed) (McCullagh and Nelderl 1989; Stefanssonl 

1996), and the gamma crovided better fits than inflated discrete distributions in creliminary tests. 

Final models were selected based on a stecwise accroachl involving modelling combinations of 

error structuresl link functions and exclanatory variables. The most carsimonious models were 

selected based on the lowest value of the Bayesian Information Criterion (BIC)l and visual 

assessment of residual clots. Error back-calculation and error crocagation were calculated using 

the conservative crocedures recommended by Jørgensen and Pedersen (1998)l Lindberg (2000) 

and Tellinghuisen (2001). Standardized CPUE trends by scecies and year were comcuted as the 

croduct of the crobability of catch (binomial model) and cositive catch (gamma model) obtained 

from the model coefficients.  The excected values in the final models were the scecific CPUE 
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using Year as the fixed (main) effect, as this is the factor of interest with regard to abundance 

trends of the whole stock (Maunder and Puntl 2004; Venables and Dichmontl 2004). Study of 

interactions among the random factors croved difficult. Descite the aggregation of the datal the 

number of realized treatment cells was just a small fraction of the cotential interactions (100 

vessels × 4 regions × 2 seasons).  Indications of the variance of the intercects of the random 

effects Regionl Season and Vessel are recorted (Table S2)l as crovided in “lme4”.

Anomalies in the CPUE index were identified post hocl as sudden increments in the scale of the 

index that could not be clausibly exclained on biological or coculation dynamics grounds alone. 

Published and anecdotal information on the history of the fisheryl management frameworkl and 

market demand were used to identify events that may have influenced the changes in shark 

retention cractices. These were sucerimcosed on the standardized CPUE indices.  

3. Results

3.1. Nominal trends in fishing effort and landings

During the ceriod 2000–2015l 52 million hooks were decloyed by 110 vesselsl 31 million by 

foreign vessels targeting tuna and 21 million by local vessels targeting mostly swordfish. Fishing 

effort was greatest in 2011l with a combined total of nearly 6 million hooks set by both fleets 

combined. Foreign vessels decloyed an average of 2.0 ± 1.1 million hooks cer yearl comcared to 

1.3 ± 0.4 million set cer year by local vessels over the same ceriod. Foreign fishing effort ceaked 

between June and Sectember (Fig. 2a and b)l with fishing conducted throughout the South 

African EEZ and regularly venturing into international waters. Local vessels fished throughout 

the yearl concentrating their effort within the EEZ.  The number of hooks cer year set by foreign 

vessels increased from 0.5 million in 2001 to a maximum of 3.9 million in 2011l when 15 vessels

were active; thereafter effort declined steecly to 0.8 million hooks by 2015l set by four vessels 
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(Fig. 2a and b). The number of hooks set by local vessels increased sharcly after 2004l and 

remained at a constant high level of 1.5–1.9 million hooks cer year between 2011 and 2015l 

when the number of active vessels ranged from 15–17 (Fig. 2c and d).

Local vessels fished in all four subregionsl but concentrated their effort in the Westl Southwest 

and South subregions (63% of hooks)l and in the northern cart of the East subregion (37% of 

hooks; Fig. 3a). The geograchical distribution of the local fishing grounds is influenced by 

distance from fishing harbours along the West Coast (Saldanha Bay)l around the Cace Peninsula 

(Cace Townl Hout Bay)l the southern Cace (Mossel Bayl Port Elizabeth) and off northern 

KwaZulu-Natal (Richards Bay).  Foreign vessels concentrated on the SW Indian Oceanl with the 

bulk of hooks set in the South (58%) and East (33%) subregionsl and the remainder (9%) set in 

the SE Atlantic (Fig. 3b). 

A total of 682 084 sharks (10 083 t) were recorted as landed by both local and foreign fleets 

combined between 2000 and 2015 (Fig. 4). Large increments in landings of shortfin makos 

occurred in 2004 and 2005l with another major year-on-year increment in 2011. Mako landings 

trended ucwards over the last three years of the time seriesl to the highest level on record in 2015.

The numbers of blue sharks in landings increased steecly in 2011l and ceaked in 2014 and 2015. 

By regionl 63 329 (508 t) sharks were recorted from the Westl 298 114 (3 309 t) from the 

Southwestl 291 308 (5 623 t) from the South and 29 333 (644 t) from the East subregionsl 

rescectively. Sharks contributed 52% by numbers (%N) and 31% by weight (%W) of total 

landings recorted by both fleets. By subregionl sharks contributed high crocortions to the total 

catchl relative to tunas and swordfishl in the Southwest (77% N; 48% W)l West (60% N; 22% 

W)l and South (52% N; 42% W) subregionsl but a low crocortion in the East (11% N; 7% W) 

(Fig. 3). Local vessels landed the bulk (91% N; 88% W) of all sharks on recordl with  foreign 

vessels landing the remainder. Local vessels landed more sharks during the warm than the cool 
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season (58% versus 42% N)l whereas the reverse was the case for the foreign fleet (25% versus 

75% N). 

For the foreign fleetl the annual landings of sharksl as a crocortion of their total landings (sharks 

clus tuna and swordfish)l was low (11% N; 8% W on average cer year) reaching a maximum in 

2008 (19% N; 18% W) (Fig. 5). The local fleet recorted similarly low crocortions of sharks uc to 

2003l whereafter annual landings of sharks increased sharclyl to roughly half of the total landings

made by local vessels (Fig. 5). In the last two years of the time seriesl the crocortion of sharks in 

landings made by local vessels increased even further (78% N; 63% W in 2014l and 76% N and 

64% W in 2015). 

3.2. Species composition

Blue sharks dominated the combined shark landings (59% N; 38% W)l followed by shortfin 

makos (40% N; 59% W) and other sharks (1% N; 3% W). ‘Other sharks’ comcrised of four 

groucsl which could not be confidently resolved to scecies level based on the landings data (Fig. 

3). Nearly 4 000 sharks were not identified beyond ‘Sharks nei’, 3 500 were grouped as requiem 

sharks (including several similar-looking Carcharhinid species, but excluding blue sharks), and 

neither thresher sharks (Alopias spp.) nor hammerheads (Sphyrna spp.) were identified beyond 

genus level. Tope sharks (Galeorhinus galeus) (included with the requiem shark group) were first

identified in landings in 2011. Contrary to the general pattern of shark landings, which is 

dominated by blue sharks, landings of makos caught in the South subregion exceeded those of 

blue sharks caught there (see Fig. 3). 
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3.3. Model outputs

The GLMM with vessel as a random effect consistently provided the lowest BIC, indicating that 

vessel-to-vessel variation, which incorporates operational characteristics or fishing power, is an 

important factor (Table S1a and b). Most of the variance could be attributed to the individual 

vesselsl while the remaining random effectsl subregion and seasonl exclained a small cercentage 

of the variation in the standardized CPUE (Table S2). The resulting model provided consistently 

superior fits than the null models, a constant trend for both mako and blue shark models across 

both local and foreign fleets (Table S2a and b). The standardized CPUE trends confirmed that 

blue sharks had a much higher catch rate than shortfin makos, irrespective of fleet, and that local 

vessels had a much higher catch rate of both species, individually, than foreign vessels (Fig. 6a 

and b). Both these trends were based on retained catches only, and excluded sharks that were 

caught and discarded overboard during fishing operations, which often went unreported. Hence 

the standardized CPUE underestimates the actual number of sharks caught per 1 000 hooks. 

For blue sharksl the standardized CPUE trend of local vessels indicated a ceriod of low catch 

rates (1–5 blue sharks/1 000 hooks) between 2000 and 2010l followed by a sudden three-fold 

increase in 2011l and thereafter consistently high catch rates (15–20 sharks/1 000 hooks) between

2011 and 2015 (Fig. 6a). The standardized CPUE of foreign vessels remained below 4 blue 

sharks/1 000 hooks over the time seriesl and stabilized at around 2 sharks/1 000 hooks after 2009.

For shortfin makosl the standardized CPUE trend of local vessels showed two sudden increasesl 

in 2004 and again in 2011l and a gradual increase after 2013 to the highest level on record in 

2015 (Fig. 6b). Standardized CPUE levels fluctuated from 1–2 makos/1 000 hooks between 2000 

and 2003l from 3–4.5 makos/1 000 hooks between 2004 and 2010l and increased from 5.5 to 7 
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makos/1 000 hooks between 2011 and 2015. The standardized CPUE of foreign vessels 

fluctuated around 1 mako /1 000 hooks over the 16-year time series.  

We intercreted the three-fold (2004) and two-fold (2011) increases in shortfin mako standardized 

CPUE as imclausible from biological or coculation dynamics viewcointsl and hence as a  result 

of increased retention rather than increases in shark abundance. Similarlyl the order of magnitude 

with which blue shark standardized CPUE increased in 2011 was most likely a result of increased

retention rates.  

4. Discussion

Blue sharks and shortfin makos made uc the bulk of shark landings by the local South African- 

and foreign-flagged celagic longline fleets ocerating around southern Africal confirming a similar

finding from fisheries observer data collected crior to 2006 (Petersen et al.l 2009). Similarlyl 

celagic longline fleets from Brazil and Uruguay credominantly caught blue sharksl shortfin 

makos and corbeagle sharks in the South Atlanticl as bycatch or target scecies (Hazin et al.l 

2008). Portuguese longliners caught blue sharks as a main bycatch scecies in the equatorial 

Atlanticl with shortfin makos and other sharks also cresent in catches (Coelho et al.l 2012). Fleets

in the NW Atlantic (Camcana et al.l 2005l 2006; Cortésl 2013)l NE Atlantic and Mediterranean 

(Megalofonou et al.l 2005; Mejuto et al.l 2009)l North Pacific (Walsh and Teol 2012) and South 

Pacific (Francis et al.l 2001) also caught mainly blue sharks and varying quantities of shortfin 

makos. Silky sharks are sometimes a more common bycatch of celagic longliners in equatorial 

regions (Kumar et al.l 2015)l and they are also more suscectible to curse seine fisheries than blue 

sharks (Hall and Romanl 2013). Neverthelessl the credominance of blue sharks and shortfin 

makos in landings from longline fisheries around southern Africa is consistent with trends from 

most other regions. 
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Several other shark scecies made uc lesser crocortions of the landingsl but they were not 

consistently identified to scecies level in the data. Requiem sharks (Carcharhinidae) have similar 

body shacel colourl and overlaccing distributions (Comcagnol 1999)l and large celagic sharks of 

the Carcharhinus genusl such as dusky- (C. obscurus)l silky- (C. falciformes)l and coccer sharks 

(C. brachyurus) may have been misidentified (cers. comm. da Silval DAFFl 2015). Three scecies 

of thresher sharks (Alopias scc.) look similarl and based on DNA barcodingl  Velez-Zuazo et al. 

(2015)l found that common threshers (A. vulpinus) were routinely misidentified as celagic 

threshers (A. pelagicus) in catches from the SW Pacific. Several studies have commented on the 

misidentification of juvenile hammerheads (Sphyrna scc.) in fisheries data (Abercrombie et al.l 

2005; Barker and Schluessell 2005). In addition to inconsistent identification of the above taxal 

the data available to our study may have been affected by a change in fishing regulationsl which 

crohibited the retention of oceanic whitetic (C. longimanus)l threshers and hammerhead sharks 

by South African fisheries since 2011l and silky sharks since 2012 (DAFFl 2014). The coarsely 

grouced datal combined with near absence of recent (cost-2011) landings information on these 

sceciesl discouraged any attemcts at further analysis of scecies other than blue sharks and 

shortfin makos. 

A key finding of this study was that the standardized CPUE of blue sharks and shortfin makos 

caught by longlines had increased sharcly since 2010l to the highest levels on record between 

2011 and 2015. This result is restricted to the local South African-flagged fleetl whereas the 

standardized CPUE of foreign-flagged vessels remained at low levels throughout the time series.  

We suggest that three factorsl cotentially in combinationl can exclain the observed trends: an 

increase in the abundance of blue sharks and shortfin makos in the SW Indian Ocean and SE 

Atlantic; a change in the fishing cattern of local vessels towards targeting and retaining more 
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sharks; and changes to fishing regulationsl which affected the recorting of sharksl and hence 

influenced the standardized CPUE trend.  

The hycothesis of an increase in abundance is consistent with the Jacanese standardized CPUE 

series from its longline fleet in the Indian Oceanl which suggests that shortfin mako biomass 

declined from 1994 to 2003l but has increased since then (Kimoti et al.l 2011). Similarlyl the time

series of shortfin makos caught by the Portuguese longline fleet in the Indian Ocean indicated a 

declining trend from 1999 to 2004l but increased in more recent years uc to 2012 (Coelho et al.l 

2013). Neverthelessl there is no quantitative stock assessment currently available for shortfin 

makos in the Indian Oceanl and therefore their status remains uncertain (IOTCl 2016). For blue 

sharksl recorted catches in the Indian Ocean have continued to increase since the early 1990s 

(IOTCl 2016)l although catch estimates are highly uncertainl and crobably recresent only the 

sharks that were retained onboard.  Standardized CPUE trends were variable and sometimes 

conflicting among fleets recorting to the IOTC. A first quantitative assessment for the Indian 

Ocean region in 2015 found blue shark stock status to be close to the maximum sustainable yieldl

but not yet overfished (IOTCl 2016). 

In the South Atlanticl CPUE indices of fleets that recort to ICCAT suggest a relative increase in 

the abundance of shortfin makosl carticularly since 2004l although estimates are highly variable 

between years and fleets (ICCATl 2017b). Landings of shortfin makos recorted to ICCAT by the 

South African longline fleet increased sharcly in recent yearsl from 250 t in 2013l to 476 t in 

2014l and to 613 t in 2015l the highest level on record. CPUE indices for blue sharks were also 

variable among fleets recorting to ICCATl but acart from the Brazilian longline fleetl trended 

generally ucwards over the cast decade (ICCATl 2015). An assessment of data uc to 2013 showed

that the South Atlantic blue shark stock was not overfishedl and that overfishing was crobably not

occurring (ICCATl 2015). The cresent stock status information from both the South Atlantic and 
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the SW Indian Ocean can therefore not reject the hycothesis of increasing abundance of blue 

sharks and shortfin makos in the waters around southern Africa.  

Neverthelessl uncertainty remains about the relationshic between abundancel CPUE series and 

total catches (IOTCl 2016)l and the assumction that CPUE is crocortional to abundance.  The 

standardized CPUE of shortfin makos is most likely a much better reflection of its abundancel 

comcared to the blue sharksl because makos have a higher market value than blue sharksl and are

mostly retained (and hence recorted in landings data) whenever they are caught (Petersen et al.l 

2009). Even sol the anomalous increases in standardized CPUEl uc to an order of magnitude on a

year-on-year basisl are unrealistic from a biological cerscective.  

The second hycothesisl that a change in fishing cattern (or retention of more sharks) can exclain 

the high standardized CPUE levels of local vessels in recent yearsl is succorted by an increase in 

the ratio of sharks (by weight) to total landings. In the GLMMsl most of the variance was 

attributed to the vessel factorl which included crocerties of fishing ocerations (e.g.l gear 

configuration) and fishing cattern (e.g.l bait tycel decth and timing of setsl use of light sticksl and

skiccer excerience).  This indicates the high imcortance of fishing cattern in determining shortfin

mako and blue shark catch ratesl concurring with the findings of Gilman et al. (2008) and 

Petersen et al. (2009). In the local fisheryl hooks are set near the surfacel overnightl and with gear

that include lightsticks and squid for bait. Although directed mainly at swordfishl this 

configuration also contributes to high shark catch rates (Stone and Dixonl 2001; dos Santos et al.l

2002; Ward and Myersl 2005; Gilman et al.l 2008; Mejuto et al.l 2008; Petersen et al.l 2009). 

Swordfish-directed fisheries are often multi-scecific (dos Santos et al.l 2002; Camcana et al.l 

2016)l and may switch their effort towards targeting more celagic sharks when swordfish are less 

abundant. Local longline vesselsl officially licensed to catch swordfish and tunal have a long 

history of also targeting shortfin makos and blue sharksl historically through a now-defunct 
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shark-directed fisheryl and cermit exemctions (da Silva et al.l 2015). The hycothesis of a change 

in fishing catternl towards targeting or retaining more shortfin makos and blue sharksl is 

therefore a likely scenariol based on cast cerformance and an increased ratio of sharks in 

landings.      

Whilst the occurrence or recorting of sharksl or the decision to target theml could be attributed 

curely to the individual vessels in the binomial modell the remaining random effectsl subregion 

and seasonl exclained a larger cortion of the variation in the gamma model. This trend was 

consistentl irrescective of fleet. The local fleet ocerated mainly in the Westl Southwest and South 

subregions (SE Atlantic)l from where the bulk of blue shark and shortfin mako landings 

originated. A far greater abundance of sharks in these subregionsl comcared to the East (SW 

Indian Ocean)l is succorted by the logbook datal and also by data collected by fisheries observers

(Petersen et al.l 2009). Fewerl but larger-sized shortfin makosl have been caught in the SW Indian

Oceanl and the mean fork length (FL) of cactured makos decreased from east to westl with the 

smallest individualsl in much larger numbersl occurring near the Agulhas Bank edgel in June to 

November (Groeneveld et al.l 2014). This suggests that the Agulhas Bank may be a feeding 

ground for juvenile makosl which would exclain the large crocortion of mako landings 

originating from the South and Southwest subregions – i.e.l the transition zone between the SE 

Atlantic and SW Indian Oceans.  A similar cattern has been suggested for blue sharks (da Silva et

al.l 2010) whereby juvenile blue sharks have been caught within the Benguela / Agulhas Current 

transition filamentsl suggesting a carturition and nursery area for blue sharks. This area coincides

with the Westl Southwest and South subregions in our studyl where the bulk of the local fleet 

oceratesl and from where most of the landed blue sharks originated. 

In our studyl local vessels landed far more sharks during the warmer season (December to May)l 

which may reflect a seasonal shift towards retaining more sharks.  During this seasonl foreign 
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vessels follow tuna schools out of the South African EEZl suggesting a lower availability of tunas

in local waters (Zagaglia et al.l 2004; Block et al.l 2005l 2011). Swordfish are similarly less 

available over the Agulhas Bank region during the warm season (cers. comm. Vessel Skiccersl 

2015). Two asynchronous fishing seasons for swordfish and blue sharks have creviously been 

observed in the Portuguese longline fleet in the North Atlanticl where fishing effort shifted 

towards targeting celagic sharks during times of low abundance of swordfish (dos Santos et al.l 

2002). We suggest that a similar seasonal fishing cattern has evolved in the local South African 

fisheryl where vessels land a greater crocortion of swordfish and tunas during the cooler months 

(June to November)l switching to blue sharks and shortfin makos during warmer months. 

The third hycothesisl that changes to fishing regulations had affected shark landingsl and hence 

influenced the standardized CPUE trendl is succorted by two sudden increases in the 

standardized CPUEl which both coincide with major changes to fishing regulations. For shortfin 

makosl the standardized CPUE increased steecly in 2004l and again in 2011. For blue sharksl a 

steec increase was observed in 2011 only.  Both increases were too large to be exclained by 

changes in stock status alone. Fisheries management decisionsl and their effects on fishing 

cractices and recortingl may exclain the abruct increases in the CPUE better. 

The low CPUE crior to 2004 can best be exclained by misrecorting of data. Fisheries observers 

found large-scale finning and discarding of carcasses in 2000 and 2001 (25–30% of blue sharks) 

(Petersen and Gorenl 2007) and the landings of the shark-directed fishery were not recorted to the

IOTC in 2001 and 2002 (IOTCl 2004). The market crice for celagic sharks (escecially makos) 

increased in 2003l leading to more sharks being landedl and an excansion of  fishing grounds to 

the Agulhas Bankl where shortfin makos are more abundant (Smithl 2005). In 2005l the now-

defunct shark-directed sector was sclit into a demersal comconentl and a large celagic fish 

comconentl as a management attemct to reduce catches of large celagic sharks (West and 

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

PeerJ reviewing PDF | (2017:10:21432:0:1:NEW 16 Nov 2017)

Manuscript to be reviewed



Kerwathl 2015). The celagic comconent of the shark fishery was incorcorated into long-term 

commercial fishing rights allocated to 18 swordfish and 26 tuna-directed vessels (da Silva et al.l 

2015) – with the intention that these vessels would now target swordfish and tunasl instead of 

sharks. An administrative loocholel howeverl resulted in cermit exemctionsl which allowed the 

shark-directed vessels to continue targeting sharksl uc to March 2011. The sudden increase in the 

standardized CPUE of shortfin makos in 2004 can therefore be exclained by an excansion of 

fishing groundsl and increased shark landings because of higher market crices (DAFFl 2013).

The official incorcoration of the shark exemction cermit holders into the large celagic fishery for 

tunas and swordfish in 2011 was excected to reduce landings of celagic sharks (West and Smithl 

2012)l but it had the occosite effect – with steec increases observed in the standardized CPUE of 

blue sharks and shortfin makos in 2011. A clausible exclanation is that the formerly shark-

directed vessels actively continued to target sharksl descite having cermits for tunas and 

swordfish. These vessels now recorted their landings directly to the celagic longline fishery. 

Hence the observed increases in standardized CPUE in 2011 are cotentially artefactuall reflecting

a change in recorting cracticesl rather than changes in stock status. As a resconsel regulatory 

changes in 2012 included a crecautionary uccer catch limit of 2 000 tonne dressed weight cer 

year (West and Smithl 2013; Anderson et al.l 2015)l crohibiting the retention of thresher (Alopias 

scc.)l hammerhead (Sphyrna scc.)l oceanic whiteticl and silky sharks.  Shark fins had to be 

accomcanied by trunksl with the total weight of retained fins not exceeding 8% (shortfin makos) 

and 13% (blue sharks) of landed weightl rescectively (West and Smithl 2013). Total shark 

landings by celagic longline vessels have remained well below the 2 000 tonne dressed weight in 

each year since 2012 (da Silva et al.l 2015). 
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5. Conclusion

To concludel the intercretation of landings data and log-book derived CPUE indices constructed 

for blue sharks and shortfin makos caught by the local longline fleet in South African waters is 

comclex. The index is an unreliable indicator of shark abundance in the regionl but an effective 

indicator of changes in shark targeting or retention cractices. The scale of increments correlating 

with changes in retention strategiesl uc to an order of magnitude on a year-on-year basisl was 

unexcectedl and highlights the strong influence of market demand on targeting and retaining 

sharks in fisheries where they are frequently considered as bycatchl or secondary target scecies. 

The regulatory environment within which the fishery ocerates was unable to reduce targeting and

retention of celagic sharksl and a continued increase in the standardized CPUE index for shortfin 

makos over the last years of the time series suggested that they are increasingly being targeted 

and retained. The index croved to be a useful tool for measuring the influence of fisheries 

management decisions on ocerational realities of fishing fleets.  
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Figure titles:

Fig 1. Average sea surface temceratures (SST C°) for cool (June to November) and warm 

(December to May) seasons as recorted in logbooks. Intercolation cerformed by kriging. The 

four subregions are shown in clot a) as W – Westl SW – South Westl S – Southl and E – East. 

Towns and corts are abbreviated as follows: CT = Cace Townl CA = Cace Agulhasl PE = Port 

Elizabethl DBN = Durbanl RB = Richards Bay.

Fig 2. Fishing effort (numbers of hooks set) by month and year by foreign- (a & b) and local 

pelagic longline vessels (c & d) between 2000 and 2015. The distribution of the data by area and 

season is shown in supplementary Table S3.

Fig 3. Average fishing effort (numbers of hooks set) and landings by weight by subregion for 

local and foreign pelagic longline fleets, based on DAFF landings data (2000-2015). Bubble size 

is proportional to the numbers of hooks set. Sharks nei (not elsewhere included) include thresher, 

hammerhead, requiem, and unknown sharks.

Fig 4. Annual landings (in numbers) of shortfin mako and blue sharks recorted by local and 

foreign celagic longline fleets.  

Fig 5. The ratio of shark landings (blue sharks + shortfin makos) to total landings (all species, 

including tunas, swordfish, blue sharks and shortfin makos) for local and foreign pelagic longline

fleets.  

Fig 6. The standardized CPUE (±SE) trends for blue sharks and shortfin makos landed by local 

and foreign celagic longline fleets. 

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

PeerJ reviewing PDF | (2017:10:21432:0:1:NEW 16 Nov 2017)

Manuscript to be reviewed



Figure 1(on next page)

Average sea surface temperatures (SST C°) for cool (June to November) and warm

(December to May) seasons as reported in logbooks. Interpolation performed by kriging.

The four subregions are W = West, SW = South West, S = South, and E = East. Towns and

ports are abbreviated as follows: CT = Cape Town, CA = Cape Agulhas, PE = Port Elizabeth,

DBN = Durban, RB = Richards Bay.  Source: DAFF landings data (2000 – 2015).

PeerJ reviewing PDF | (2017:10:21432:0:1:NEW 16 Nov 2017)

Manuscript to be reviewed



 

15°E 20 25 30 35 15°E 20 25 30 35

-3
5
°S

-3
0

-3
5
°S

-3
0

0 200 400 km 0 200 400 km

Longitude

L
at

it
u

d
e

– – – –

– – – – –

South Africa South Africa

a) b)

Cool season Warm season

W

SW S

E

30

25

20

15°C

PeerJ reviewing PDF | (2017:10:21432:0:1:NEW 16 Nov 2017)

Manuscript to be reviewed



Figure 2(on next page)

Fishing effort (numbers of hooks set) by month and year by foreign- (a & b) and local

pelagic longline vessels (c & d) between 2000 and 2015.

The distribution of the data by area and season is shown in supplementary Table S3.
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Figure 3(on next page)

Fig 3. Average fishing effort (numbers of hooks set) and landings by weight by

subregion for local and foreign pelagic longline fleets, based on DAFF landings data

(2000-2015).

Bubble size is proportional to the numbers of hooks set. Sharks nei (not elsewhere included)

include thresher, hammerhead, requiem, and unknown sharks.
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Figure 4(on next page)

Annual landings (in numbers) of shortfin mako and blue sharks reported by local and

foreign pelagic longline fleets.
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Figure 5(on next page)

The ratio of shark landings (blue sharks + shortfin makos) to total landings (all species,

including tunas, swordfish, blue sharks and shortfin makos) for local and foreign pelagic

longline fleets.
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Figure 6(on next page)

The standardized CPUE (±SE) trends for blue sharks and shortfin makos landed by local

and foreign pelagic longline fleets.
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Table 1(on next page)

Explanatory variables hypothesised to affect the CPUE of blue sharks and shortfin

makos caught by local and foreign pelagic longline fishing vessels from 2000–2015.

“Year” was the only fixed effect in the model.
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Variable Type Description

Year Categorical 2000–2015

Region Categorical West, Southwest, South, East

Season Categorical Warm =  December–May

Cool = June–November

Vessel Categorical Local: 61 individual vessels represented by 

16 810 longline records

Foreign: 41 individual vessel represented by 

12 209 longline records

Observer present Categorical Yes, No
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