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Abstract

Chelon richardsonii are omnivorous, particle feeders found specifically within inshore

and estuarine habitats on the west and south coast of South Africa. They are the pri-

mary target of the gillnet and beach-seine fishery in this region. Despite being managed

through a multifaceted approach of gear restrictions and total allowable e↵ort, the fish-

ery is thought to be oversubscribed and the stock is regarded as being overfished. The

social and economic importance of this fishery necessitates an update of the life history

parameters of C. richardsonii to enable an accurate assessment the current status of the

stock.

The fishery in Saldanha and Langebaan was described via investigating changes in sex-

ratio, mean length (mm) and standardised catch-per-unit-e↵ort (CPUE). Firstly, explo-

ration of sex ratio indicated a significant switch between the two periods (1998-2002 and

2017), resulting in a predominantly male biased population (1.7 males: 1 female). Sec-

ondly, through investigation of three length-frequency distributions of commercial catch

of C. richardsonii (1998-2002, 2009-2011 and 2017) a reduction in mean total length

(TL) of 36.5 mm was observed. Lastly, the standardisation of the Netfishery CPUE for

the time series of 2008-2016 through the application of a Generalised Additive Mixed

Model (GAMM) showed a reduction of approximately 30% in relative abundance of C.

richardsonii.

Chelon richardsonii exhibited a fast growth, a maximum age of six and matured rel-

atively early at two years old. Growth was best described using a three parameter

von-Bertalan↵y growth model; where L1 is the asymptotic length, K is the rate at

which L1 is reached and t0 is the age when the average length is zero. The data col-

lected in 2017 expressed two problems. Firstly, as a result of high gillnet selectivity,

smaller individuals within younger age classes were missing. Secondly, due to growth

overfishing and/or a small sample size (n = 353) older and larger adults were missing.

Consequently, this increasesd K and decreased L1 to biologically implausible values

(female original growth: L1 = 257.450 mm, K = 0.610 year-1 and t0 = -0.040 year). As

a result L1 was fixed in accordance to a historic L
max

, in order to overcome these issues

and produce biologically plausible growth parameters. Growth di↵ered significantly be-

tween males and females, hence female growth was subsequently used for the spawner

biomass-per-recruit analysis in the proceeding chapter (L1 = 347.400 mm, K = 0.235

year-1 and t0 = -0.833 year). Total mortality (Z ) and average natural mortality (M )

were estimated as 1.466 year-1 and 0.329 year-1, respectively.
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Growth and mortality was constant in Chelon richardsonii throughout Saldanha and

Langebaan and despite potential emigration out of the bay, the sup-population of C.

richardsonii was considered to be a discrete stock for the purpose of this study. A

spawner biomass-pre-recruit model, based on the growth and mortality parameters cal-

culated in Chapter 3, revealed that the stock is heavily depleted and recruitment is likely

to be seriously impaired (spawner biomass-per-recruit = 5.5% of pristine levels). It must

be acknowledged that the results of a per-recruit stock assessment heavily depend on

the growth model parameters. In contrast, the model indicated an optimally exploited

stock when the original growth parameters were applied (spawner biomass per-recruit =

76.2% of pristine levels). Considering results from Chapter 2 and the justifications for

fixing L1 the plausibility of the second scenario being true is less likely. Acknowledging

the temporal, spatial and sample size limitations of this study conclusions made will re-

quire definitive future examination. Regardless, a reduction in fishing e↵ort and further

restrictions in mesh sizes are suggested to facilitate the replenishment and sustainable

use of the stock.
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Chapter 1

General Introduction

1.1 The Fishery

Background

Marine capture fisheries provide important sources of economy and sustenance. Di-

rect global employment through marine fisheries is estimated at 34 million jobs with

a total employment as much as 237 million (FAO, 2011; Teh and Sumaila, 2013). To

ensure long-term employment, sustainable exploitation of fish stocks is required. In 2011

the FAO reported that 57.4% of global fisheries are optimally exploited, with yields at

or around their maximum sustainable yield (MSY) production. An estimated 29.9%

of global fisheries are overexploited, which means they have been fished to a point that

their yield is lower than that of their full biological and ecological potential (FAO, 2011).

Intense overfishing resulting in drastic depletion can cause considerable economic down-

falls. Problems further arise from the attempts to rebuild depleted stocks, as intensified

fishery management tools such as a reduction in total allowable e↵ort (TAE) and total

allowable catch (TAC) diminish economic opportunities (Worm et al., 2009). However,

failure to intervene increases the susceptibility of stock collapse resulting ultimately in

fishing moratoriums, and radical reductions in job opportunities. The moratorium of

the Newfoundland Cod fishery in 1992 is the most well-known example and resulted in

a reduction of 30,000 jobs (Schrank, 2005). In 2014 the stock status of the fisheries in

South Africa were evaluated by DAFF - 48% of these stocks were considered optimally
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exploited and 50% of stocks were of serious concern. The stocks of serious concern were

subdivided into two categories: depleted or heavily fished (22%), and heavily depleted

and overexploited (28%, DAFF, 2014). The latter category are fish stocks that have

been heavily depleted through excessive fishing and are also currently subjected to un-

sustainable levels of fishing. The South African west coast Netfishery is considered to

be within the 28%; heavily depleted and overexploited.

History of the Netfishery

The South African west coast Netfishery operates on the western coast of South Africa

from False Bay to Port Nolloth (DAFF, 2014). Southern mullet Chelon richardsonii

(previously Liza richardsonii, Durand and Borsa, 2015) are the predominant target,

however regionally specific permits are allocated for the catch and landing of St Joseph

sharks Callorhinchus capensis and some other species. European colonialists introduced

gillnets and beach seines in the early 1800s, enabling commercial exploitation. Con-

sequently, catches rose exponentially to approximately 1.6 million fish annually on the

west coast, which was approximately 25% of the national commercial catch at the time

(De Villiers, 1987). Following a record breaking reported catch of 14.9 million fish in

1981, management intervened and introduced allocation of permits to control the total

allowable e↵ort (TAE). TAE is a common harvest control strategy that indirectly con-

trols the total fishing mortality. After the introduction, the catch remained fairly stable

at around 6 million fish per annum.

As a consequence of insu�cient data, the allocated TAE between 1981 and 2001 likely ex-

ceeded sustainable limits. This resulted in the reported annual catches of approximately

6000 metric tons (t); gillnets contributed 3,250 t and beach seines 1,950 t. Similar to

other small-scale fisheries, poor governance and monitoring contributed to overexploita-

tion in the Netfishery (DAFF, 2014). For example, Lamberth et al. (1997) assessed and

documented substantial levels of non-reporting; catches of up to 80% of the annual total

were being unreported (Lamberth et al., 1997). Hutchings and Lamberth (2002) further

corroborated these results by postulating that unreported catch was a probable cause

of the decreases in reported catch prior to 2001. As a consequence of a decentralised

system and lack of governance, growth of illegal gillnetting was enabled. An estimated
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400-500 illegal nets were being used annually (DAFF 2014). It is for these reasons that

stricter management was necessary to provide suitable protection for the stock.

In 2001 there was a significant reduction in allocated permits. Furthermore, permits

were only allocated to bona fide fishers that relied on the fishery as a primary source

of income. Beach seine operations were reduced to 28 and gillnet permits were reduced

to 162, as shown in Table 1.1 (DAFF, 2014). Additional restrictions were implemented,

such as gear restrictions and closed fishing zones, in an attempt to provide relief from

recruitment overfishing (DAFF, 2014). In 2008, a new small-scale fisheries policy was

created that brought in the production of interim relief (IR) permits. These are short-

term permits allocated to small-scale fishers that are directed at their socio-economic

needs. There are 17 IR permits currently in the entire fishery.

Table 1.1: Total allocation of permits for the West Coast Netfishery.

Area Permit Prior 2001 2001 2017
National Right Holders 450 190 189

Interim relief 0 0 17
Saldanha and Langebaan Right Holders 28 14 15

Interim relief 0 0 3

Current Management

The west coast Netfishery is currently managed by a combination of TAE, gear restric-

tions and closed areas. The fishery is divided into 15 areas, each with regionally exclusive

combinations of TAE and closed fishing areas. During the fishing year of 2017/2018,

27 beach seine and 162 gillnet permits have been allocated within these 15 areas. The

current gear restrictions allow a minimum stretched mesh size of 48 mm and a maximum

of 64 mm. Each permitted vessel may only use two nets; each one a maximum length of

75 m and depth of 5 m. Each vessel is only entitled to carry two nets at any one time.

There are also strict by-catch mitigation measures; vessels may only catch and retain

Chelon richardsonii and St Joseph shark Callorhynchus capensis. Landing of any other

species is not permitted and all live by-catch must be returned while dead by-catch must

be surrendered to the Local Fishery Control O�cer (DAFF, 2017).
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Specifically, Langebaan and Saldanha Bay are limited to 15 annual permits, with an

additional 3 interim relief concessions. Scientific recommendations state that a reduc-

tion in TAE within Langebaan is integral for the replenishment of the C. richardsonii

stock; as the TAE has been substantially exceeded over the last 5 years (DAFF, 2017).

Langebaan Marine Protected Area (MPA) is split into three zones; A, B and C. Cur-

rently, fishers are permitted to fish in Zones A and B; with additional gear restrictions in

Zone B. Similarly, scientific advice recommends that all TAE within Zone B should be

completely withdrawn and redistributed to Zone A, Langebaan and Saldanha (DAFF,

2017).

Status of the stock

The C. richardsonii stock has never undergone a formal stock assessment. However,

a decline in nominal CPUE suggests that the current fishing mortality is above that

required for the maximum sustainable yield (F
MSY

), and a reduction in e↵ort of up to

60% was recommended in order to rebuild the stock (Hutchings et al., 2002). Areas

where these reductions were implemented have shown evidence of recovery. The Berg

river estuary, north of Cape Town, experienced notably high levels of gillnet fishing prior

to 2003. In 1998, estimations of annual e↵ort exceeded 13,000 gillnet days, producing

a total catch of 500 t (Hutchings and Lamberth, 2002b). Concerns about overfishing

resulted in a regional moratorium of commercial gillnetting within the estuary (Hutch-

ings et al., 2008). Post moratorium CPUE and length-frequency data were investigated

to determine its success. An increase in CPUE and abundance of larger individuals

indicated partial stock recovery (Hutchings et al, 2008), attributable to the absence of

fishing.

Regional overexploitation of C. richardsonii remains a problem. Annual CPUE trends

for St Helena and Saldanha Bay depict a short periods of high CPUE followed by a

prolonged period of low CPUE. The high periods coincided with the lowest e↵ort, hence,

it suggests that fishers are removing the replenished stock from the previous winter

(Hutchings and Lamberth, 2002b). Furthermore, illegal, unreported and unregulated

(IUU) fishing is increasing. Illegal fishing in the Berg River escalated rapidly post-

moratorium, accumulating annual catches of 400 t (Hutchings et al., 2008).
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The C. richardsonii stock is facing a multitude of pressures and with uncertainty re-

garding the current stock status, it is a prime candidate for assessment. In addition

to existing fishing pressure there are initiatives to expand and provide more permits

under the Marine Living Resources Act 1998. Gillnets are seen as a good method to

increase access to the resources by impoverished communities, as they have relatively

low investment and low operating costs compared to other fisheries (Grant, 1981). Yet,

the Netfishery is already oversubscribed, with little room for expansion (Hutchings and

Lamberth, 2002a). Furthermore, with the large amounts of unreported catch, there is

uncertainty surrounding the actual total catch.

Socio-economic considerations

A study by Hutchings et al. (2002) looked at the socio-economic characteristics of the

Netfishery. During the study period, the authors estimated that 2,700 people were

directly or indirectly employed by the Netfishery. Economic stability and viability var-

ied considerably between jobs and evidence suggested that, on average, gillnet fishers

marginally covered their investment and operation costs (Hutchings et al., 2002). This

is the primary consequence of the low market value of the fish, a poor value chain and

repeated equipment replacement. Fishers also raised concern of decreasing catches and

were hesitant to the possibility of introducing more permits (Hutchings et al., 2002).

Lastly, there has been conflict between Netfishers, and commercial and recreational

linefishers, as it is suspected that nets are removing all fish from the inshore zones,

either indirectly by limiting baitfish or directly via removing target fish through by-catch

(DAFF, 2014). Chelon richardsonii are common prey for numerous angling species,

such as garrick Lichia amia, silver kob Argyrosomus inodorus, dusky kob Argyrosomus

japonicus and elf Pomatomus saltarix (Heemstra and Heemstra, 2004). The removal of

prey species such as harder was regarded to be the cause of a decrease in the abundance

of predators. Furthermore, due to the mesh sizes used in the Netfishery, juvenile fishes

tend to also get caught as by-catch (Lamberth, et al., 1995); another argument by both

recreational and commercial linefishers to decrease the number of active Netfish permits.
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1.2 Southern mullet Chelon richardsonii

Southern mullet C. richardsonii are omnivorous particle feeders that are found within

inshore and estuarine habitats around the west and south coast of Southern Africa.

There are 5 genera within Mugilidae found in Southern African waters, of which 8

are known species within the genus Chelon (Smith, 1986). First described in 1846

(Smith, 1846) as Mugil richardsonii, it went under taxonomic reclassification following

the description of the genus Liza by Jordan and Swain (1884). More recently, the genus

underwent re-reclassification and is now described within the genus Chelon (Durand and

Borsa, 2015). Its geographical range stretches from Lobito, Angola to the subtropical

waters of the East Coast of South Africa, but is rarely found at the extremes of its

geographical range (DAFF, 2014).

Chelon richardsonii express an ontogenetic shift in environmental residency, from brack-

ish to marine. Juveniles have a higher tolerance for low salinities enabling them to

take refuge in estuaries, whereas, adults are more permanent residents in marine sys-

tems, specifically surf zones (Clark et al., 1994; Naesje et al., 2007; Mann et al., 2013).

C. richardsonii are non-migratory, however they are commonly found in single species

shoals (Mann et al., 2013). They are available all year round, though their variability in

abundance tends to be seasonal. As for many other species, abundance and distribution

of prey items likely governs their distribution. Their east coast residency synchronises

with the abundance of phytoplankton within the surf zone during the summer months,

and individuals then tend to disperse during the autumn and winter (Lamberth et al.,

1995). Similar behaviour was observed within False Bay. Abundance was associated

with patches of diatoms, which form due to the onshore winds and wave patterns within

the summer months (Lamberth et al., 1995). C. richardsonii have developed a spe-

cialised crop instead of a stomach, similar to the gizzard of a bird, to cope with its

omnivorous diet (Naesje et al., 2007). Their bioenergetic demands are primarily met

through a combination of diatoms and detritus (Masson and Marais, 1975).

It is thought that sexes exhibit similar somatic growth until maturation, where after

females continue and males cease to increase in size (Lasiak, 1983). As a consequence,

females have a tendency to be larger. Maximum length recorded was a 430 mm (to-

tal length, TL) female from Saldanha (Lamberth and Hutchings, unpublished data).
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Length-at-50% maturity was estimated between 210-215 mm (fork length, FL), which

corresponds to 3 years (Nepgen as cited in De Villiers, 1987). The spawning season

is extended, occurring during spring and summer, though peak spawning is within the

summer months (Lasiak, 1983).

Saldanha Bay is not a typical estuary. Yet, Whitfield (2005) referred to it as a coastal

embayment type of estuary as it shares many common properties such as wave shelter

and shallow, warm, nutrient rich waters. Estuaries are important ecosystems for many

di↵erent species. It’s sheltered, warm and nutrient enriched waters provide a productive

environment which facilitates rapid growth for resident species (Wallace, 1975; Whitfield

and Kok, 1992). Predation is often limited by gape size of the predator, consequently a

faster growth rate in prey reduces its overall lifetime predation rate (Arendt, 1997). It is

for these reasons that estuarine environments are dominated by juveniles (Potter et al.,

1990). Juvenile C. richardsonii are important estuarine species, contributing as much

as 76% of the teleost biomass (Clark et al., 1994). They can tolerate a wide range of

environmental conditions (Naesje et al., 2007; Mann et al., 2013). As a consequence of

their densities and accessibility, aggregations of juvenile C. richardsonii in estuaries are

easily exploited (Clark et al., 1994). The Berg River estuary, before its gillnetting ban

in 2003, was subjected to approximately 17 230 net-days year-1 (Lamberth and Turpie,

2003). These nurseries provide excellent conditions for the development of juvenile C.

richardsonii and the removal of immature fish hampers the recruitment potential of the

stock.

1.3 Study site

Saldanha Bay is a sheltered inlet located roughly 100 km north of Cape Town (Figure

1.1). As a consequence of its location and protection, it provides favourable condi-

tions for certain commercial species. Similarly, it has become an attractive location for

large commercial activities such as industrial fishery and metal ore operations. These

unique environmental properties have led to the evolution of highly diverse flora and

fauna, motivating the establishment of a no-take MPA in the southern area of Lange-

baan lagoon (Kerwath et al., 2009). Saldanha bay exhibits similar thermohaline and

biological properties to that of the Benguela current, however during summer months
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higher temperatures increase evaporation resulting in increased sea surface temperatures

and salinity (Shannon and Stander, 1977). These characteristics enable high primary

production within the bay, phytoplankton densities regularly reach 885 mg/m3 during

the summer (Henry et al., 1977). This highly productive, sheltered inlet has therefore

been referred to as a coastal embayment type of estuary (Whitfield, 2005) and as a

consequence is a favourable environment for a large number of juvenile teleost species

(Day, 1959).

Figure 1.1: A map of the study site displaying its location in terms of South Africa

The bay is under considerable pressure both from commercial fishing and industrial pol-

lutants. There is a high water residency time observed in the bay (Shannon and Stander,

1977), which catalyses the e↵ects of the added pollutants (Beckley, 1981; Jackson and

McGibbon, 1991). Chelon richardsonii dominate the diversity of teleosts numerically in

the bay (Clark, 1997), which makes the bay attractive to fishers within the commercial

Netfishery.
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1.4 Aims

Commercial Netfishery catch returns and independent catch monitoring data suggests

a decrease in C. richardsonii abundance in Saldanha and Langebaan. However, the

magnitude of population decline is unknown and a quantitative assessment is required.

The objectives of this study were to (1) track relative abundance of C. richardsonii in

Saldanha and Langebaan, (2) update the life history parameters relevant for assessment

and (3) assess the current depletion status of the C. richardsonii stock in Saldanha and

Langebaan. The analysis is in two components:

Chapter 2 provides insight into the changes in C. richardsonii stock characteristics in

terms of CPUE, sex-ratio and length-frequency distribution, highlighting features that

are indicative of overfishing.

Chapter 3 investigates relevant life history parameters of C. richardsonii. Ageing of

individuals enables the estimation of growth, maturity and mortality. These parameters

are then included in a spawner biomass-per-recruit model (SBR), facilitating the pro-

duction of accurate and useful management recommendations corresponding to fishing

e↵ort and mesh size.

This thesis will be concluded in Chapter 4. This chapter will discuss the findings and

then provide further management recommendations for the sustainable exploitation of

the C. richardsonii stock in Saldanha and Langebaan.



Chapter 2

Catch trends and life history

changes of exploited Chelon

richardsonii in Saldanha and

Langebaan

2.1 Introduction

Gulland (1992) described the steps of length-based assessments in the following stages;

(1) determination that the fishery is in stress, (2) quantitative predictions, and (3) man-

agement inferences. Determination of a stock in poor condition or under considerable

stress can be detected by observing changes in fish abundance or composition (Gulland,

1992). Compositional changes within a population can be useful predictors of excessive

fishing e↵ort (Cushing, 1972; Ricker, 1981; Gulland, 1992; Hutchings and Lamberth,

2002b).

As a consequence of the selective nature of fishing gear, especially gill nets, fishing mor-

tality is not homogenous across the fish population. Individuals display varying lengths,

ages, maturation and even behaviours, which can cause heterogeneity in susceptibil-

ity to fishing (Rowe and Hutchings, 2003). It is widely accepted that excessive size

selective fishing reduces the abundance of larger, older fish (Cushing, 1972; Gulland,

10
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1992). Cushing (1972) coined this as growth overfishing, where overfishing decreases

the stocks average individual weight. Applying this principle, assuming that everything

else remains constant, a reduction in mean length of fish can therefore be attributable

to fishing. Investigation of dynamic length-frequency data of C. richardsonii caught in

the commercial fishery, will therefore enable estimates on the level of fishing. There are

obvious problems with drawing conclusions on stock condition from length-frequencies,

as fish stocks arent static, closed systems. There are other variables that contribute to

variation such as recruitment (Gulland, 1992) and migration. Nevertheless, important

scientific advice can be o↵ered to aid management methods such as minimum landing

sizes (MLS) and mesh sizes.

Changes in a populations sex-ratio can been used as an indicator of the level of exploita-

tion on a stock (Gri�ths et al., 1999). As just mentioned, intense fishing pressures

customarily decrease the abundance of larger adults within the population (Gulland,

1992) hence in populations with sexual size dimorphism the larger sex will be reduced

first (Kendall and Quinn, 2012). Sexual size dimorphism was observed in C. richard-

sonii. Both Lasiak (1983) and De Villiers (1987) documented di↵erential maximum

lengths between male and female C. richardsonii. Females dominated the larger size

classes. From the data collected by Lasiak (1983), 12% of the male sample was larger

than 300 mm TL and approximately 58% of females were greater than 300 mm. Similar

characteristics were found by De Villiers (1987).

True abundance of fish is di�cult to determine, and ideally should be calculated through

fishery-independent data. However, this can be extremely time consuming and expen-

sive, which renders impracticable for less economically important fisheries. The small

pelagic fishery of South Africa, which is the largest national fishery in terms of landed

mass, calculates relative abundance of fish via annual hyrdo-acoustic surveys (Coetzee

and Badenhorst, 2012; DAFF, 2014). In contrast, for many small-scale fisheries calcu-

lations of relative abundance rely upon fishery dependent information primarily in the

form of catch and e↵ort data (Punt et al., 2000).

Catch-per-unit of e↵ort (CPUE) is the most commonly used index of abundance, and is

assumed to be linearly proportional to the true abundance such that:
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CPUE =
C

E

=
aqB

A

(2.1)

where C is the total catch, E is the total fishing e↵ort, B is the true abundance of

fish, A is the area, a is the availability of the fish population to the fishery and q is the

catchability coe�cient (Campbell, 2004). Therefore, if the raw catch is proportional to

the true abundance of fish, then the availability and catchability of the fish must remain

constant over time (Campbell, 2004), inferring that any changes in CPUE over time

must be intimately linked to changes in actual fish abundance. There are obvious issues

that arise with this simplistic method, as there are variations in catch that cannot be

attributed to changes in true abundance, such as changes in fishing gears, fish behaviour

and e↵ort allocation (Campbell, 2004; Maunder and Punt, 2004). CPUE standardisation

attempts to minimise the influence of such factors.

Early methods of standardisation realised notable di↵erences in fishing power between

vessels within a fishery (Beverton and Holt, 1957; Robson, 1961; Kimura, 1981), there-

fore in addition to e↵ort, vessel fishing power was used as an additional factor. Currently

the most widely used method of CPUE standardisation is using generalised linear models

(GLMs) and generalised additive models (GAMs). These allow the inclusion of multiple

explanatory variables that help explain the additional variation that isnt attributable

to the changes in fish abundance (Maunder and Punt, 2004).

Alternatively, generalised linear mixed e↵ect models (GLMMs) and generalised additive

mixed e↵ect models (GAMMs) are having increasing ecological and fishery applications

(Swartzman et al., 1992, 1995; Bigelow et al., 1999). The addition of random variables

becomes useful in the standardisation of CPUEs in small-scale fisheries; when a fishery

has a relatively large and diverse fishing fleet (Helser et al., 2004) and the individual

fishing power of the vessel cannot be categorised. The west coast Netfishery has had 173

individual operational vessels over the last 8 years. This justifies the use of GAMMs for

standardising the Netfishery CPUE.

In this Chapter sex-ratios and length-frequencies from di↵erent time periods were com-

pared to investigate the e↵ects of fishing on the size and sex composition of the C.

richardsonii stock in Saldanha and Langebaan. The selectivty of the gillnets used

in these di↵erent periods were calculated to enable further comments on the dynamic
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length-frequencies. Lastly, the change in catch-per-unit-e↵ort of the Netfishery in Sal-

danha and Langebaan between 2008 and 2016 was explored as a measure of relative

abundance. The CPUE within the time series was standardised by applying GAMMs.

2.2 Methods

Data

Data for this chapter were derived from five sources: (1) a Netfishery observer pro-

gramme; (2) Netfishery catch records; (3) the commercial catch from a Saldanha fisher;

(4) the Department of Agriculture, Forestry and Fisheries (DAFF) C. richardsonii sam-

pling data; and (5) Length-frequency data from a study performed by Naesje et al.

(2007) in the Orange River estuary.

Sex-ratio and Length-frequency

Historical C. richardsonii length-frequency and sex-ratio data for 1998-2002 were ob-

tained from two sources. The management authority (DAFF, unpublished data) pro-

vided the first data set which was reduced to only contain length-frequency and sex-ratio

records caught from Langebaan, Church Haven and Saldanha (sex-ratio = 225 , length-

frequency = 285, Table 2.1). The size of the gillnets deployed were 48 mm stretched

mesh. The second data set was obtained from a study performed by Hutchnigs and

Lamberth (2003). The total length of 434 C. richardsonii from Saldanha and Lange-

baan caught between 1998-2002 were used for the length-frequency analysis (Hutchings

and Lamberth, 2003, Table 2.1). The size of the gillnets deployed were 44, 48 and 51

mm stretched mesh.

Length-frequency data for 2009-2011 were obtained from the Netfishery scientific ob-

server programme (DAFF, unpublished data). The data consisted of a total of 16,702

individually measured fish from Saldanha (7919 fish) and Langebaan (8783 fish) from

2009-2011 (Table 2.1). The size of the gillnets deployed were 44 and 48 stretched mesh.
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Length-frequency and sex-ratio data for the current period (2017) were obtained from

two sources. Length-frequency data were collected by measuring catch from a com-

mercial fisher from a normal fishing outing. The fish were caught on the 6/09/2017 in

Saldanha Bay and Langebaan Lagoon (zones A and B). The fisher used two nets; one

75 m x 5 m net of 48 mm stretched mesh and one 75 m x 5 m net of 51 mm stretched

mesh. The total length (mm) was measured for 301 fish in total. An additional 52 fish

were caught from 3 beach-seine sampling trips within Langebaan and Saldanha between

1/09/2017 and 24/10/2017 (Table 2.1).

Commercial catch

It is obligatory for permitted commercial fishers to submit reports of each fishing trip

and its associated catch. This dataset was provided by DAFF. The initial dataset

comprised of 39,515 entries between 01/01/2008 to 31/12/2016. It comprised of the (1)

Number of individual fish, (2) Weight (kg) of the total fish caught per fishing trip taken

by the individual permit holder per species, (3) Date, (4) Location, (5) Fisher and (6)

Species caught. For the purpose of this study, the data were refined to include only

catch records of C. richardsonii from Saldanha and Langebaan. In circumstances where

only either (1) numbers caught or (2) weight (kg) was entered, the missing value was

estimated using the average weight (kg) of an individual caught that month by that

fisher. Entries were removed if there were equipment malfunctions that hindered the

fishers from fishing. Following refinement, the data comprised of 11,640 entries with a

total of 17 active fishers within Saldanha and Langebaan.

Selectivity

Di↵erent stretched mesh sized gillnets were deployed for the three time periods, there-

fore the specific individual selectivty for each was estimaed in order to compare length-

frequencies. Gillnets are passive methods of fishing, requiring fish to swim into the

net and becoming gilled, snagged or tangled. Unlike other fishing methods where the

selectivity is represented by logistic functions, gillnets are represented by bell shaped se-

lection curves as a function of the mesh size. The ascending slope of the curve represents

smaller fish successfully gilled and the descending slope represents the larger fish tangled
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in the mesh (Hamley, 1975). The SELECT method proposed by Millar and Holst (1997)

was used to assess the selectivity. SELECT is based on the assumption that for a given

length class, L, the number of fish, Y
Lj

, that encounter gillnet, j, is represented as a

Poisson distribution:

Y

Lj

Po(p
j

�

L

) (2.2)

where the expected count, p
j

�

L

, is the product of the number of fish in length class L,

�

L

, by the relative fishing power of gillnet j, p
j

(Millar and Holst, 1997). The amount

of fish that encounter the gillnet j of a specific mesh size mi that are actually caught,

C
Li

, can be expressed as the a random Poisson probability by multiplying by the gillnet

retention probability, denoted as r
j

(L):

C

Lj

Po(p
j

�

L

r

j

(L)) (2.3)

For ease of calculation, this form can be log-linearized, which then represents the catch

of length L (mm) fish by gillnet j in the following way:

ln(C
Lj

) = ln(p
j

) + ln(�
L

) + ln(r
j

(L)) (2.4)

where,

ln(r
j

(L)) = �0 + �1xLj + �2x
2
Lj

(2.5)

where,

8
>>>>><

>>>>>:

�0 = � K

2
1

2K2

�1 =
K1
K2

�2 =
1

2K2

(2.6)

and,
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x

Lj

=
L

m

i

(2.7)

when k
1

and k
2

are scaling parameters for the selectivity curves. If we then assume that

the selection curve is normally distributed, the selectivity S
ti

of the mesh size m
i

can be

given as:

S

ti

= exp(
(L� µ

i

)2

2�2
i

) (2.8)

where the mean µ

i

is denoted as a linear function of the mesh size, m
i

, and the spread

�

i

is proportional to the mesh size, m
i

, via the following: µ
i

= k1⇥m

i

and �
i

= m

i

p
k2.

Due to multiple mesh sizes being used the selectivity of a multimesh gillnet catching a

fish of size L can be formulated as

S

GN

(L) =
X

S

ti

(L) (2.9)

In order to interpret the goodness of fit that the SELECT model explains the data, a

pseudo-coe�cient of determination (r2) was calculated in the following way:

r

2 = 1� (
Residual deviance

Null deviance
) (2.10)

A study of C. richardsonii using monofilament gillnets was performed in the Orange

River Estuary (Naesje et al., 2007). A total of 2,790 fish were caught using di↵erent

mesh sizes (44, 48, 51 and 54 mm). Consequently, the SELECT method was applied to

this data. A combination of the selectivity of the mesh sizes 44, 48 and 51 mm were

used to model the selectivity of the nets used in each of the time periods.

Sex-ratio and Length-frequency

Sex-ratios observed in 1998-2002 and 2017 were compared through a contingency table,

to investigate whether the sex ratio was uniform over the years.
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Potential di↵erences between the mean TL (mm) of the three time series (1998-2002,

2009-2011 and 2017) were tested using an ANOVA. The assumptions of normal distri-

bution of errors and equal variance were tested for a priori. In the circumstance of

significant results, a Tukey-test (HSD) was applied to determine the underlying signifi-

cant di↵erences (Tukey, 1949).

Catch-per-unit-e↵ort

E↵ort, in terms of time fished, of each fishing trip was not specified. It was therefore

assumed that each fisher applied equivalent e↵ort for all fishing days:

E = e

ft

(2.11)

where e

ft

is the e↵ort of each fisherman f, of each trip t. Therefore the unstandardised

CPUE is the daily catch C

ft

divided by the e↵ort E.

CPUE

ft

=
C

ft

e

ft

(2.12)

where CPUE

ft

is the daily catch of Chelon richardsonni (fish. trip-1. fisher-1).

The long-term CPUE trend was analysed between 2008 and 2016 using GAMMs with a

quasi-Poisson error distribution and a log-link function. A quasi-Poisson error distribu-

tion was chosen as it better fitted the data structure than Poisson and Negative Binomial

- the data were moderately zero-inflated and over-dispersed. Final model selection was

performed on the basis of percentage deviance explained. Significant contributions were

determined by F -tests.

The final fitted GAMM included three fixed e↵ects; year, area and month, with month as

a continuous variable with a cyclic spine. Individual fishers was introduced as a random

e↵ect with the assumption that there would be di↵erences in fishing ability and average

daily e↵ort between fishers. Fisher as a random e↵ect assumes that the variation around

the intercept is normally distributed with an undefined mean of variation (N(0,�2)).
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C

ft

= �1 + year +month+ area+ ↵fisherman+ ✏i (2.13)

✏i ⇠ N(0,�2) (2.14)

where C
ft

is the estimated catch (kg) of an individual fisher per fishing trip, year, month

and area are all fixed e↵ects. Month is smoothed by a cyclic cubic spline. The variable

↵fisher denotes the fisher as a random e↵ect, and finally ✏
i

is the unexplained variation

in the model. These residuals are expected to be normally distributed with a variance

of �2.

2.3 Results

Selectivity

The SELECT model adequately described the selectivity of the four sizes of monofila-

ment gillnets used within the Orange River Estuary. The model explained 99% of the

variation seen within the data (r2 = 0.99, Table 2.2). The scaling parameters, k
1

and

k2, were estimated from the model (Table 2.2), and then used to estimate the mean (µ)

TL (mm) and the standard deviation (�) of each of the selection curves of each mesh

size (Table 2.3 and Figure 2.1).

Table 2.2: The parameter estimates from the log-linear SELECT method, based on
a normally distributed selection curve (Millar and Holst, 1997).

Parameter k
1

k
2

Residual deviance Null Deviance df r

2

Estimates 5.01 0.33 206.23 19721.84 94 0.99

Table 2.3: The mean (µ, mm) and standard deviation (�, mm) of each normally
distributed selection curves estimated for Chelon richardsonii.

Parameter 44 mm 48 mm 51 mm 54 mm
µ 220.45 240.49 255.52 270.55
� 25.22 27.51 29.23 30.95
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Table 2.4: The selectivity towards C. richardsonii of 75 m long monofilament gillnets
used within the west coast Netfishery in the Orange River.

Fish Length (mm, TL) 44 mm 48 mm 51 mm 54 mm

80 0 0 1 0

90 0 0 0 1

100 0 0 1 0

110 1 0 0 0

120 1 1 0 0

130 0 0 0 0

140 0 0 2 0

150 1 0 0 0

160 1 0 1 0

170 0 0 0 0

180 11 2 0 0

190 44 14 1 3

200 108 56 6 8

210 175 115 22 20

220 158 165 78 43

230 159 182 119 86

240 115 124 160 98

250 43 75 113 92

260 23 40 47 80

270 11 18 17 45

280 6 10 10 24

290 1 6 6 13

300 2 3 5 6

310 1 1 0 2

320 0 1 0 1

330 0 1 0 1

340 0 0 0 1

350 0 0 0 1

360 0 0 0 0

370 0 0 0 0

380 0 0 0 0

390 0 0 0 1

Total 861 814 589 526
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The selectivity parameter (S
GN

(L)) was then calculated in accordance of the mesh size

used during each time period (Figure 2.2).

Figure 2.1: The Chelon richardsonii selectivity (SGN (L)) of 44 mm (length at full
selectivity, Lf = 233.24 mm), 48 mm (Lf = 254.45 mm), 51 mm (Lf = 270.35 mm)
and 54 mm (Lf = 286.25 mm) monofilament gillnets (75 m per net) calculated from
the gillnet fishery data in the Orange River.

Sex-ratio and Length-frequency

Of the total sampled fish (n = 353) in 2017, 40 were classified as immature (unsexed),

196 as male and 117 as female (Table 2.5). During the sampling period 1998-2001, 59

fish were classified as immature, 104 as male and 122 as female (n = 285, Table 2.5). A

chi-squared test revealed a significant di↵erence between the sex-ratios among the two

periods (�2 = 13.992, df = 1, p-value < 0.05). As such, the null hypothesis that the

occurrence of males and females is independent of the year that they were collected was

rejected, inferring a shift to a predominantly male based sex-ratio.

Table 2.5: Observed sex-ratios for male and female fish sampled from Saldanha and
Langebaan, Western Cape South Africa, during 1998-2002 and 2017.

Year Male Female Ratio Sampling events
1998-2002 103 122 1 : 1.2 12

2017 196 117 1.7 : 1 4
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There has been a clear and consistent reduction in the mean length of C. richardsonii

caught by the west coast Netfishery in Saldanha and Langebaan (Figure 2.2). The mean

TL (mm) of fish in 1998-2002 was 257.1 mm (SD = 23.3 mm), this decreased to 234.7

mm (SD = 32.6 mm) in the period of 2009-2011. A further decrease was observed in 2017

to a mean TL of 215.6 mm (SD = 14.5 mm). The results from the ANOVA corroborate

this, showing that there was a significant decrease in mean TL (mm) since 1998-2002

(F value = 69.30, df = 2, p value < 0.005). Results from the Tukey-test (HSD) showed

significant di↵erences between all three time periods (Table 2.7). It must be taken into

account that selectivity of nets used between all three time periods di↵ered slightly, the

selectivity of each period is represented by the selectivity curve in Figure 2.2, calculated

from S

GN

(L).

Table 2.6: Summary statistics of the length-frequency data from all three periods.

Year Mean (mm) Median (mm) Range (mm) n Sampling events

1998 - 2002 257.1 250 170 - 330 718 24

2009 - 2011 234.7 230 170 - 320 16,702 184

2017 215.6 215 170 - 245 301 1

Table 2.7: The results of a Tukey-test (HSD) on the mean TL (mm) of Chelon
richardsonii between the three time periods.

Period Di↵erence (TL, mm) LCI UCI P value

2009/2011 - 1998/2002 -22.91 -31.18 -14.64 <0.001

2017 - 1998/2002 -41.34 -49.63 -33.05 <0.001

2017 - 2009 -18.43 -26.67 -10.18 <0.001

Additionally, there is a depletion of mature individuals (> 205.1mm TL). In 2000, the

catch was dominated by mature individuals (98% > 205.1mm) which decreased in pro-

portion through the time series. By 2017 only 70.8% of the sampled fish were mature

(Figure 2.2).
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Figure 2.2: Length-frequency distributions of Chelon richardsonii caught by the com-
mercial Netfishery fleet using the same mesh size for three di↵erent time periods. The
solid vertical line represents length-at-50% maturity (205.1 mm) and the dotted vertical
line is the mean TL (mm) for that length-frequency series. The bell shaped selection
curve is the selectivity of the gillnets that were deployed during that particular time
series.

Catch and long term CPUE

There has been a steady decrease in annual catch (t) from 2008 to 2016. In 2008, the

annual catch within Saldanha and Langebaan was 127.4 t, which subsequently decreased

to 77.5 t in 2016 (Figure 2.3). This equates to an approximate 40% decrease in annual

catch over 8 years. Within the same period, total e↵ort reduced slightly - in 2008, 1481
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days were fished and in 2016 1228 days were fished.

Figure 2.3: The annual catch (tonnes) and fishing e↵ort (days) of Chelon richardsonii
by the commercial Netfishery in Saldanha and Langebaan derived from mandatory
commercial catch return logbooks.

The decrease in catch was accompanied by a similar declining trend in standardised

CPUE (kg trip-1) between 2008 and 2016. The average standardised CPUE in 2008 was

estimated at 114.54 kg trip-1, which declined to 82.78 kg trip-1 by 2016, which equates

to an approximate decrease of 30% in less than 10 years (Figure 2.4). There was a slight

increase in standardised CPUE between the years of 2009 and 2011 peaking in 2011 at

126.59 kg trip-1, before steeply declining. All fixed e↵ects in the model contributed a

significant percentage of deviance explained within the model, with the most variation

explained by the addition of area (Table 2.8).

Table 2.8: Model statistics for all of the fixed variables within the final selected
GAMM. Showing the degrees of freedom (df), the residual deviance, the change in
residual deviance (� Deviance), the percentage of variation explained (% explained)
and the F and corresponding P values.

Model df Residual Deviance � Deviance % explained F P(�2)
Null 2 761833.2 0 0 0 0

+ Year 10 739802.1 -22031.1 6.3 34.1 <0.001
+ Month 21 737036.5 -2765.6 7.4 3.4 <0.001
+ Area 22 693555.8 -43480.6 19.1 5.6 <0.001
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Figure 2.4: Annual CPUE (kg trip-1) estimates (±95% CI) of the commercial Chelon
richardsonii Netfishery in Saldanha and Langebaan between 2008 and 2016 based on
the GAMM (top panel). The normalised CPUE of both the final GAMM and the

nominal CPUE is compared in the bottom panel.

Figure 2.5: The influence of the fixed e↵ects month and area on the standardised
CPUE of the west coast Netfishery in Saldanha and Langebaan, modelled by a GAMM.
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There is a steady standardised CPUE during winter months (May-November, approxi-

mately 110 kg fish-1), followed by a small decline in spring (November-December) and

then a slight spike during the summer (January-May), peaking in March at 126 kg trip-1

(Figure 2.5). Furthermore, standardised CPUE is larger in Langebaan in comparison

to Saldanha (Figure 2.5). Average standardised CPUE in Langebaan is 109.5 kg trip-1

and in Saldanha is 76.0 kg trip-1. Yet, it is not significant due to overlapping confidence

intervals.

2.4 Discussion

Analysis of long term CPUE provides evidence of a declining stock of C. richardsonii

within Saldanha and Langebaan. The CPUE has depreciated by approximately 30%

over a period of 8 years (Figure 2.4). Assuming that CPUE is linearly proportional

to the true abundance of C. richardsonii, there is strong indication that the stock has

been subjected to excess fishing e↵ort, resulting in a decline in abundance. Caution

must be exercised when making inferences that assume linearity between CPUE and

true abundances. Harley et al. (2001) provided evidence that CPUEs are not always

reliable indices of abundance.

There are certain obstacles that may limit using CPUE as a reliable index for true

abundance. The relationship between true abundance and CPUE can be described on

a scale between hyperstability and hyperdepletion (Prince and Hilborn, 1998; Harley et

al., 2001). CPUEs exhibiting stability whilst true abundance decreases are classified as

hyperstable, while the opposite e↵ect is referred to as hyperdepletion. Results from a

meta-analysis of CPUEs performed by Harley et al. (2001) provided evidence suggesting

CPUEs exhibiting hyperstability were more common. Previous to this, Clark (1982) de-

scribed fish stocks in reflection of their naturally occurring densities, these were classified

as concentration profiles that ranged from uniform to highly aggregative. CPUE does

not behave consistently across all concentration profiles. Aggregative species (type IV

concentration profile), such as schooling fish, exhibit hyperstable CPUEs (Clark, 1982;

Prince and Hilborn, 1998). This is of particular importance in accordance with the

Netfishery due to the fishing technique and schooling behaviour of the fish. Nets are

seldom set without identifying activity of schooling fish. Furthermore, C. richardsonii
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are found in aggregations within estuarine and surf zone habitats. Consequently, this

would suggest that the standardised CPUE calculated in this study would reflect that of

a type IV concentration profile, hyperstable. A trait of hyperstability is that following a

prolonged period of stability, there is a final period of substantial decrease, reflecting a

heavily depleted stock on the verge of collapse. The standardised CPUE shows a sharp

decline within the last 5 years. Therefore, it is possible that the C. richardsonii fishery

is following this trend.

There has been an overall decrease in e↵ort (days year-1) of 20% between 2008 and

2016. Between 2012 and 2013 there was a 40% decline in catch, however the same

period presented a 5% reduction in days fished. Considering nets are only deployed

when shoals of fish are observed, this decline suggests a lack of fish found and/or smaller

fish shoals. This is further corroborated by the number of days fished with zero catches.

In 2012 there was one day with a catch of zero and in 2013 there was a total of 96 days

with zero catches. Consequently, this corroborates references made to the reduction of

true abundance of C. richardsonii within Saldanha and Langebaan.

A higher CPUE was estimated within Langebaan (CPUE = 109.5 kg trip-1) than Sal-

danha (CPUE = 76.0 kg trip-1). The e�cacy of MPAs with regard to fishery conservation

is a highly debated topic (Attwood et al., 1997; Hilborn et al., 2004; da Silva et al., 2013;

Kerwath et al., 2013). The spill-over e↵ect is a commonly mentioned benefit of MPAs

(McClanahan and Mangi, 2000; Kerwath et al., 2013), where individuals through emi-

gration or exportation of larvae stock neighbouring fishing zones. Although the results

presented here are not significant it gives an indication that the Langebaan MPA rep-

resents a refuge for C. richardsonii. Thus, increased fishing further into Zone B and

C within Langebaan MPA has the potential to hamper catches within both Langebaan

and Saldanha. It is worth mentioning that there may be other contributing factors that

weren’t applied within the model, hence the observed di↵erence in true abundance may

be attributable to additional unknown factors and not changes in abundance.

In the last 20 years there has been a significant change in sex-ratio to a male dominated

population within Saldanha and Langebaan. This observed change would suggest that

either (a) females are being removed from the stock faster than males through increased

migration or mortality, or (b) due to insu�cient data sampling in both time periods,

females were completely missed. Regarding the former, due to sexual size dimorphism
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observed in C. richardsonii, the larger females within the stock would have been removed

due to excessive size selective fishing pressures. This theory of size selective fishing is

further corroborated by the results of the dynamic length-frequency data. In 1998-2002,

more than 50% of the fish caught by the Netfishery were larger than 250 mm. By 2017,

there was complete absence of this size class (Figure 2.2). The larger size classes are

dominated by females (Lasiak, 1983; De Villiers, 1987) and it is therefore likely that

this absent size class would have been predominantly female - e↵ectively explaining the

observed change in the sex-ratio.

It is however, most likely that the observed change in sex-ratio is an artefact of insuf-

ficient sampling. Phenotypic assortment within shoals has been widely documented,

concluding that the phenotypic variation is smaller within than between shoals of fish

(Ranta et al., 1994). Individuals prefer to shoal with familiar individuals and common

discrimination’s of conspecifics can be length-based (Krausse et al., 1996, Gri�ths and

Magurran, 1997, Peuhkuri et al., 1997, Croft et al., 2003) or sex-based, especially during

reproductive periods (Bracciali et al., 2014). This limits the extent to which the con-

clusions from the sex-ratio analysis can be interpreted, as the number of shoals sampled

for the periods 1998-2002 and 2017 were minimum. Shoal bias could have been an issue,

hence increased sampling is needed to solidify any conclusions made in this study. In

addition, restricted data collection in 2017 may have lead to missing potential temporal

variation in female abundance. Consequently, the switch in sex-ratio may have been a

product of incomprehensive data instead of the theories posed above.

Investigation of the dynamic length-frequency data indicates an approximate 20% reduc-

tion in the mean size of fish in the population, indicating possible over fishing. Similar

symptoms of excessive fishing were diagnosed in the Netfishery in 2002 by Hutchings

and Lamberth (2002b) where regions with high e↵ort, such as Saldanha Bay and the

Berg River, showed reductions in mean TL (mm) in comparison to regions with low

e↵ort, such as Langebaan. The mean TL of the Berg River catch was 217 mm in 1999

and the mean TL of Saldanha and Langebaan in 2017 was 215.6 mm (Hutchings and

Lamberth, 2002b). Shortly after observing symptoms of growth overfishing in the Berg

River, a moratorium was implemented on all gillnetting in the estuary to facilitate re-

plenishment of C. richardsonii (Hutchings et al., 2008). There is a general consensus

that areas exhibiting comparable concerning problems should follow similar management
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changes.

Growth overfishing (Cushing, 1972; Ricker, 1981) as a product of intensive overfishing

has been widely documented (Law, 1991; Boehlert, 1996; Hutchings and Lamberth,

2002a; Ottersen, 2008). Contraire to common thought, growth overfishing has the po-

tential to impair recruitment (Beamish et al., 2006), as size is commonly synchronous

with reproductive potential in fish (Trippel et al., 1997; Birkeland and Dayton, 2005;

Hixon et al., 2014) - a reduction in size would reduce an individuals reproductive output.

Considering that female size in C. richardsonii is directly proportional to the number of

ova produced (De V Nepgen as cited in De Villiers, 1987), the reduction in abundance

of the larger females has potential to hamper the stocks recruitment. Consequently,

the synergistic e↵ect of high fishing mortality and hampered recruitment will further

increase the rate of depletion.

It must be noted that due to temporal restrictions of this project, 2017 length-frequency

data were limited to a small sample size (n = 301 fish) and sampling was only conducted

during September 2017. As such, inferences derived from these data must be made with

caution. As previously mentioned, fish prefer to shoal with characteristically similar

conspecifics, commonly similar sized individuals. Therefore, the 2017 data likely shows

the length-frequency distribution of one shoal and not the entire stock. Yet, the same

decreasing trend was observed between 1998-2002 and 2009-2011 both of which had

considerably more sampling events (1998-2002 = 24, 2009-2011 = 184), minimising the

shoal bias e↵ect. Further sampling is needed to verify any conclusion made on the length-

frequency of the current stock. Nevertheless, a decrease in length-frequency occurred

between 1998-2002 and 2009-2011 despite the large reduction in right-holders (Table

1.1).

To conclude, catch (kg) and CPUE (kg year-1) within the Netfishery in Saldanha and

Langebaan has depreciated considerably in the past 8 years. Fishing e↵ort remains

relatively high despite declining annual catches. Furthermore, the population sex-ratio

has undergone a pronounced change over the last 20 years and the removal of females

has resulted in a predominantly male stock in Saldanha and Langebaan (1.7 males :

1 female). Lastly, the dynamic length-frequency data corroborates the hypothesis of

growth overfishing - there has been a significant reduction in mean TL (mm) within the

last 20 years. Individually, these results could suggest alternative reasons other than
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excessive overfishing. However, together the results substantiate the theory of an un-

sustainably fished stock that requires management intervention. Thus, the undertaking

of a full quantitative stock assessment to facilitate the implementation of a new correct

management framework is imperative for the sustainability of the future stock.



Chapter 3

Age, growth and the application

of a spawner biomass-per-recruit

model to Chelon richardsonii in

Saldanha and Langebaan

3.1 Introduction

The life history of an organism refers to the temporal events that contribute to the

chronological framework of its life. These, are essentially birth, maturity and death.

These traits are governed by trade-o↵s between growth, reproduction and survival in

order to maximise the fitness of the organism, which in turn are determined and con-

strained by environmental forces and natural selection (Stearns, 1976). Additional an-

thropogenic forces such as fishing can also contribute to modifications in life history

traits. Fishing pressures may have created selection forces that favour the develop-

ment of alternative life history strategies; such as increased somatic growth rate and

decreased age at maturity (Rijnsdorp, 1993; Rochet, 1998; Law, 2000; Olsen et al.,

2004). Consequently, exploited populations may exhibit di↵erential life history traits to

an unexploited population.

31
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The r -K selection theory (MacArthur and Wilson, 1967), trilateral continuum (Wine-

miller and Rose, 1992) and further developments of these (Kawasaki, 1980; McCann

and Shuter, 1997) are biological concepts that attempt to categorise these life history

traits. These theories can provide valuable information a stocks behaviour. In some

cases, species grouped with similar species as a result of their life history strategies may

allow the production of management frameworks in the absence of fishery data (King

and McFarlane, 2003). Previous studies have explored the reproduction and maturity

exhibited by C. richardsonii (Lasiak, 1983; De Villiers, 1987). Chelon richardsonii are

highly fecund isochronal broadcast spawners, with relatively small eggs and no parental

care (De Villiers, 1987). Ripe females can carry up to 369,000 eggs (De Villiers, 1987),

however it is postulated that only half of these eggs are viable oocytes (Lasiak, 1983).

The combined sex length-at-50% maturity was calculated to be between 210-215 mm FL

(De V Nepgen as cited in De Villiers, 1987), which corresponds to an age-at-50% matu-

rity of 3 years. This evidence suggests that C. richardsonii exhibits a life history strategy

commensurate with the r -type, highly fecund, early maturation and no parental care.

In a fisheries context, r -selected species theoretically show higher resilience to increased

fishing intensity (Adams, 1980).

A pre-requisite for elucidating the life history parameters of a fish, is to determine age.

This can be achieved via exploiting the regular growth and deposition of annular rings

within calcified hard parts such as scales and otoliths (Royce, 2013).

The use of scales for age determination is attractive due to the accessibility and the

amount of scales per specimen. However, age is commonly underestimated when us-

ing scales due to absorption, regeneration, growth delay and compression of calcium

increments (Beamish, 1987). As age estimates are intricately linked to growth and mor-

tality, underestimation can overestimate the growth. This error has historically led to

mismanagement of fisheries through the implementation of excessive catch and e↵ort

quotas (Ashford et al., 2001; Yule et al., 2008). In contrast, otoliths do not su↵er from

such issues and have two particular traits that makes them advantageous for age estima-

tion. The membranes that encase the calcium structures are far more regulatory than

blood. This property means that when environmental conditions fluctuate, the regu-

lar growth increments do not vary significantly in comparison to other hard structures

(Campana, 1999). Fish grow to an asymptotic length, once reached, somatic growth
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ceases which makes age determination past this age di�cult. Unlike scales and bones,

otoliths continually grow regardless of asymptotic length being reached (Maillet and

Checkley, 1990).

There are processing errors associated with ageing fish by examining hard structures such

as otoliths and scales. Not all hard calcium structures form uniform increments at regular

intervals across all axes (Beamish, 1979). For instance, as fish reach asymptotic length,

otoliths tend to grow wider rather than longer. Furthermore, not all species or age-

groups within species share the same periodic formation of growth rings (Beamish and

McFarlane, 1985); hence it is necessary to validate the temporal deposition of sequential

growth increments in order to verify the specific ageing technique used (Campana, 2001).

There are also interpretation errors that arise from the preparation and interpretation of

the structures by the examiner (Boehlert, 1985). Underestimation of age through these

errors can be detrimental to the status of the stock, and in some circumstances, like the

orange roughy, can cause stock collapse (van den Broek, 1983). Therefore it is essential

to minimize these errors.

Annuli (annual calcium increments) of otoliths can be assessed visually by studying

the whole or sectioned otoliths. Conducting age estimation with sectioned otoliths has

comprehensively shown increased reliability of estimates (Beamish, 1979; Hyndes et al.,

1992; Gri�ths, 1996). Yet, inaccuracy of age estimation is primarily observed in fishes

exhibiting higher longevities (Beamish, 1979; Gri�ths, 1996). As individuals reach their

asymptotic length, growth decelerates and the length of growth annuli shortens, ending

in superimposition (Beamish, 1979; Hyndes et al., 1992). However, C. richardsonii

have a much smaller age range, enabling the use of whole otoliths for age estimation,

as shown successfully in previous Mugildae studies (Moura and Serrano Gordo, 2000;

Gonzlez Castro et al., 2009).

Stock assessments are intimately linked to the quality of data provided. Conclusions

drawn from assessments produced from a foundation of poor data can have erroneous

outcomes for the stock in question. Fishery independent data, such as annual surveys,

provide the most robust form of data. Investment costs, both economic and labour, are

notably high for the production of fishery independent data. Thus, large scale fisheries

that are economically more valuable, such as the demersal trawl- and the small pelagic

purse-seine fishery in South Africa, are assessed with the aid of fishery independent



34

surveys (DAFF, 2014). Contrastingly, small-scale fisheries such as the Netfishery, which

has a much lower economic value, only provides fishery dependent records. Given fishery

dependent data, there are favourable assessment methods that can be applied when no

survey time series is available. The Netfishery has high levels of non-reported catch

(Lamberth et al., 1997) and the e↵ort documented was rudimentary only days, not

soaked net times. Therefore, a per-recruit analysis was favoured over surplus production

models.

Per-recruit models, developed by Beverton and Holt (1957), have been essential tools

for fishery managers. Regardless of Sparre and Venema (1998) doubting the future

application of these models, they have been widely applied to data poor fisheries. In cases

with a lack of robust data and knowledge of the spawner-biomass and recruit relationship,

Butterworth et al. (1987) recommended per-recruit analyses to be appropriate. In South

Africa, they have been widely applied and accepted as methods to assess the data poor

linefish stocks (Smale and Punt, 1991; Bennett, 1993; Gri�ths, 1996; Booth and Buxton,

1997). It is postulated that the C. richardsonii stock has been subject to recruitment

overfishing. Recruitment overfishing is the reduction of the stock population to the point

that the stock-recruitment relationship becomes linear (Walters and Martell, 2004).

This is di�cult to diagnose, as to ascertain the stock-recruitment relationship with any

confidence is challenging (Hilborn and Walters, 1992). The spawner biomass-per-recruit

model is a tool that requires no prior knowledge of this relationship.

Spawner biomass-per-recruit (SBR) and yield per-recruit (YPR) are both steady state

models that estimate the response of a stock in relation to mortality, recruitment and

growth. Due to the assumption of temporal uniformity, inaccurate estimates of relative

yield and biomass can be calculated (Gri�ths, 1996). Furthermore the model assumes

that recruitment remains uniform independent of the spawner-biomass or fecundity. This

is important to note, as Saldanha Bay is not a closed system so recruitment and migration

may not remain constant. Regardless of C. richardsonii spawning in inshore and surf

zone habitats it is likely that they spawn with stocks outside of the bay. Implying

that the number of recruits would be dependent of a larger, national population and

not the stock within Saldanha and Langebaan. These limitations must be kept in mind.

Nevertheless, it does facilitate the investigation of the response of the yield and spawner-

biomass as a function of the instantaneous fishing mortality (F ) and age-at-first capture
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(t
c

) (Booth and Buxton, 1997). These parameters, F and t
c

, are intimately linked to

fishing e↵ort and net mesh size, respectively. Thus, knowledge of how combinations of

these can be manipulated to alter the SBR of a stock is valuable information to fishery

scientists (Booth and Buxton, 1997).This will allow the development of management

recommendations for TAE and minimum mesh size (Booth and Buxton, 1997).

This Chapter aims to determine the life history traits expressed by the Saldanha and

Langebaan C. richardsonii stock. Age, and subsequently growth and mortality, was

explored via age determination using whole otoliths. Age-based curves facilitated the

estimation of total instantaneous mortality (Z ). Using the estimated life history compo-

nents a spawner biomass-per-recruit analysis was conducted to assess the stock status

of C. richardsonii in Saldanha and Langebaan in the west coast Netfishery. By inves-

tigating SBR through di↵erent fishing mortalities (F ) and combinations of mesh sizes,

the study provided a synthesis of a favourable management framework that facilitates

the replenishment and sustainable use of the stock.

3.2 Methods

Length-weight relationship

Relationships between fork length (FL, mm) and total length (TL, mm), and FL and

weight (g) were explored using linear regression. For the length-weight relationship both

weight and FL were natural-log transformed. The significance of the relationship was

described by r2. Fultons Condition Factor (1904) was also calculated (Fulton, 1904):

K =
W

FL

3
(3.1)

where K is the condition factor and W is the weight in g. A student t-test was applied in

order to test the null hypothesis which there is no di↵erence between the mean condition

factor between males and females.
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Ageing

After preliminary investigation, growth increments were adequately displayed in whole

otoliths. Thus, whole otoliths were used for age determination over sectioned otoliths.

Whole otoliths submerged in methyl-salicylate and viewed under reflected light against

a black background adequately displayed annual growth increments of C. richardsonii.

Otoliths were viewed using a Nikon SMZ800 microscope under a magnification of 2X.

Photographs of each otolith were taken using a Canon EOS 650D camera. The mi-

croscope eyepiece was removed and the camera (without a lens) was attached to the

eyepiece sleeve. The photos were then read by 3 independent readers. Due to the tem-

poral restraints of this study, an age validation study was not performed. However,

De Villier’s (1987) recorded the sequential deposition of translucent annuli during the

spring and summer and opaque annuli during the autumn and winter in fish younger

than 3 in C. richardsonii. Furthermore, Ellender et al. (2012) showed that growth

zone deposition was annual in both Mugil cephalus and Myxus capensis. Consequently

I have assumed that C. richardsonii expresses the same deposition rate. Each reader

aged every otolith once. If two or more of the readings agreed, this was taken as the

age, if there was no agreement between all three readings the otolith was discarded. To

determine the accuracy and precision of the age determination, the Average Percent-

age Error (APE) and the Coe�cient of Variation (CV) was calculated (Beamish and

Fournier, 1981; Campana, 2001):

APE

j

= 100%⇥ 1

R

RX

i=1

|x
ij

� x

j

|
x

j

(3.2)

where, x
ij

is the ith age determination of the jth fish, x
j

is the mean age determination of

the jth fish, and R is the number of times that each fish was aged. This will be averaged

across all fish aged, resulting in an index APE.

CV

j

= 100%⇥

qP
R

i=1
(x

ij

�x

j

)2

R�1

x

ij

(3.3)

where, CVj is the age precision estimate for the jth fish. CVj will be averaged over all

the fish used, resulting in a mean CV.
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Growth

Using both combined and sex-specific age-length data, the growth of C. richardsonii

was modelled with the three parameter von Bertalan↵y growth equation:

L

t

= L1(1� e

�K(t�t0))) (3.4)

where L
t

is the total length (TL) at time t, L1 is the asymptotic length where the

growth rate is zero, K is the rate at which L1 is reached and t
0

is the age of fish at

zero length (Beverton and Holt, 1957). The variability of the parameter estimates was

estimated by a parametric bootstrapping technique, with 1000 bootstraps (Efron, 1981).

A Likelihood Ratio Test (LRT) was applied in order to test for a significant di↵erence

between the growth rates of male and female C. richardsonii.

Figure 3.1: A conceptual diagram of the assumed absent data due to (a) either
sampling e↵ort or completely absent older individuals and, (b) gillnet selectivity. The
• represent the fish caught by gillnets (48 and 51 mm) and the X represent fish caught
by beach seine. Lastly, the size selectivity of the gillnets is denoted by the grey curve.

There was an absence of fish larger than 280 mm (Figure 3.1(a)) and fish smaller than the
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gill-net selectivity (Figure 3.1(b)) in the catch data collected in 2017. It was assumed

that the large fish were either missed due to insu�cient sampling or that they were

totally absent from the population. Any growth model applied to this data would not

truly reflect the stocks growth. Consequently, an additional growth model was estimated

using an estimated L1 from the historical L
max

of the commercial catch in 1998. The aim

was to overcome the potential problems arising from this missing data and to produce

a more realistic representation of the growth and natural mortality of C. richardsonii.

Pauly (1984) suggested that the relationship between L
max

and L1 can be described in

the following way (Pauly, 1984):

L1 =
L

max

0.95
(3.5)

where L
max

is the maximum length within the observed sample. Historical catch data

suggests that female C. richardsonii grows to an L
max

of 330 mm and males 280 mm,

from which L1 was estimated. L1 was fixed within the model and the two parameters,

t
0

and K, were fitted to the 2017 age-length data. For ease of delineation, this growth

model will be referred to as the fixed model and the original model will be referred to

as the original model.

Due to the selective nature of gillnets, the sample was dominated by 2 and 3 year old

fish, which caused artificial inflation of samples within these age groups. Consequently,

the model emphasised these age groups over the poorly represented age groups. Brouwer

and Gri�ths (2005) determined the minimal sample sizes needed to retain precision and

accuracy of growth models. A minimum of 10 fish per 20 mm size class was agreed

upon (Brouwer and Gri�ths, 2005). Due to the reduced range of sizes observed in C.

richardsonii (80 mm-285 mm), a minimum of 15 fishes per 10 mm was used and fish

were selected randomly within each 10 mm size class.
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Mortality

Total

The calculation of instantaneous total mortality (Z ) was calculated via the method

outlined by Butterworth et al. (1989). The commercial catch length-frequency data

was transformed to an age-frequency distribution using the normalised age-length key.

This age-frequency data was then natural-log transformed. Z was then estimated as the

negative gradient of the linear model applied to the descending limb of the distribution.

The linear regression was applied to the age (a) that exceeds and includes the a at full

recruitment (a
f

), this tends to be when the selectivity of this age is equal to 1, and also

the peak of the age distribution (Butterworth et al., 1989). This equation is as follows:

Z = ln(1 +
1

(ā� a

f

)
) (3.6)

where ā is the mean age of all fish full recruited in the sample (a � a
f

). The age-

frequency distribution was then adjusted to represent a more realistic sample using the

selectivity parameter (S
GN

(L)) calculated later in this study.

Natural

Natural instantaneous mortality (M ) was calculated by applying the three following

methods: Chen and Watanabe (1988), Hoenigs (1983) and Jensens (1996). Paulys

(1980) method was left out as equation was derived from tropical species. Firstly, Chen

and Watanabe (1988) is as follows:

M =
K

G

(3.7)

where K is the von Bertalan↵y parameter which is the rate that L1 is reached and G

is the growth measure. G can be represented as follows:
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G =

8
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M
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where a
0

, a
1

, a
2

and t
M

can be expressed as follows:

8
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and

t

M

= �1

2
ln|1� e

Kt0 |+ t0 (3.10)

where t
0

is the age of fish at zero length, t
M

is the age at maturity (Chen and Watanabe,

1989). Secondly, Hoenig’s (1983) is estimated as follows:

ln(M) = 1.46� 1.01ln(t
max

) (3.11)

where t
max

is the maximum age of the fish (Hoenig, 1983). Lastly, Jensen’s (1996):

M = 1.63K (3.12)

where K is the von Bertalan↵y parameter which is the rate at which L1 is reached.

Selectivity

Using the selectivity parameter (S
GN

(L)) calculated in Chapter 2, the selectivity of the

gillnets used in this study (48 and 51 mm) was calculated as outlined in equation 2.9.
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Per-recruit

Parameter estimates for mortality, maturity and length-weight relationships (Table 3.1)

were incorporated into a spawner biomass-per-recruit (SBR) model to estimate the status

of the stock in terms of fishing mortality (F ) and age-at-selectivity (S
GN

(a) as calculated

in Chapter 2) in the following way:

SBR(S
GN

(a), F ) =
t

maxX

a=0

W

a

Ñ

a

 

a

(3.13)

when  
a

is the proportion of mature fish at age a, W
a

is the weight (g) at age a, S
GN

(a)

is the selectivity of each fish at age a, F is the instantaneous rate of fishing mortality, M

is the instantaneous rate of natural mortality, t
max

is the maximum age of the observed

sample and Ñ

a

is the number of fish at age a calculated by the following:

Ñ

a

=

8
>>>>><

>>>>>:

1 if, a = 1

Ñ

a�1e
�M�S

GN

a�1F if, 1 < a < t

max

Ñ

a�1e
�M�S

GN

a�1F

e

�M�S

GN

aF

if, a = t

max

(3.14)

Table 3.1: Estimates of the parameters that were used in the spawner biomass-per-
recruit analyses for Chelon richardsonii.

Parameters Description Fixed model Original model
L1 Asymptotic length 347.40 245.40
K Growth rate coe�cient 0.23 0.85
t
0

Age when average length was 0 -1.03 -0.07
t
1

Known minimum age 0 0
t
2

Known maximum age 11 11
M Asymptotic natural mortality rate 0.26 - 0.62* 0.88 - 1.42*
F Asymptotic fishing mortality rate 0.93 - 1.29* 0.04 - 0.60*

t
max

Observed maximum age 11 6
a Length-weight regression parameter 0.000009 0.000009
b Length-weight regression parameter 3.05 3.05
 Length-at-50% maturity 205.10 205.10

SGN (L) The multipanel gillnet selectivity 0 - 1.89* 0 - 1.90*

*range of values for parameters with independent values per age class

The depletion level of the stock population was investigated by exploring three biological

reference points as di↵erent rates of instantaneous fishing mortality (F ). These points
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were F
0.1

, the fishing mortality rate that will relate to a stock that has been fished 10%

of its pristine unfished levels (Gulland and Boerema, 1972). Secondly, F
SB25

, which is

the F when the spawner biomass is at 25%. Below this threshold it is assumed that

the stock is at serious risk of recruitment failure (Gri�ths et al., 1999). Lastly, F
SB40

which is F when the spawner biomass is at 40% of unfished levels, which translates to

an optimally exploited population (Gri�ths et al., 1999).

3.3 Results

Morphometrics and population structure

The relationship between FL and TL can be described by TL (mm) = 1.109 FL (mm) -

1.659 (mm) (r2 = 0.991). Additionally, the length-weight relationship for the combined

sexes is described by Wt (g) = 0.0000009 FL (mm)3.05 (r2 = 0.954, Figure 3.2).

Figure 3.2: Length-weight relationship of Chelon richardsonii sampled from Saldanha
and Langebaan, Western Cape South Africa.
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There was no significant di↵erence between the conditions factors of male and female (t

= -0.814, df = 202.22, p value = 0.4164).

Ageing

Of the 353 sampled fish, 240 (68%) otolith readings were accepted, while 113 (32%) were

rejected due to inability to interpret annuli and breaking. The IAPE calculated for the

three age determinations was 13.9% with a CV of 18.4%.

Table 3.2: The mean total length (TL, mm) and the Index of Average Percentage
Error of each age class of all Chelon richardsonii caught in Saldanha and Langebaan
(2017).

Age Mean (TL, mm) IAPE n
0 92.15 0 18
1 200.11 34.07 9
2 218.00 10.90 65
3 225.44 10.92 96
4 234.35 13.89 36
5 248.71 12.29 13
6 261.67 23.33 3

The largest disagreement between readers occurred within younger and older individuals.

Age estimation for medium sized individuals was relatively consistent among readers

(Table 3.2). The maximum age within the sample was 6 years old, with a minimum age

of 0. The most commonly aged class in the data was 3 years old (225.44 mm TL, Table

3.2). The age-length key produced from the age readings is illustrated in Table 3.3.

Growth

The von Bertalan↵y growth model provided an adequate fit to the age-length data, and

post model validation illustrated normal residuals and homoscedasticity. The model was

fitted to both sexes successfully. Results from the LRT show that there was a significant

di↵erence in growth between sexes (df = 3, �2 = 59.178, p value < 0.001). Model

estimates for all six models (original and fixed models), including confidence intervals

produced by parametric bootstrapping, can be found in Table 3.4.
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Figure 3.3: Whole otoliths submersed in methyl-salicylate and viewed under a dissec-
tion microscope using reflected light with a dark background. In each photo (white •)
represents each year (a pair of translucent and opaque bands) and (black •) represents
the centre and edge of the nucleus. Photo (a) is a 3 year old individual, and (b) is a 5
year old individual.

Figure 3.4: The separate sex length age relationship of Chelon richardsonii from
Saldanha and Langebaan (2017) described by a von Bertalan↵y growth curve (n = 353,
females = 157, males = 236), with the 95% confidence intervals fitted by parametric
bootstrapping, (a) represents the fixed model and (b) represents the original model.
The • represent the fish caught by gillnets (48 and 51 mm) and the X represent fish
caught by beach seine. Lastly, the size selectivity of the gillnets is denoted by the grey
curve.
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Table 3.3: The age-length key produced from the whole otolith readings for the
combined sexes of Chelon richardsonii sampled from Saldanha and Langebaan (2017,
n = 240).

Number of fish in each age class
Total Length (mm) 0 1 2 3 4 5 6

80 11
90 6 1
100 1
110
120
130
140
150
160
170 1
180 1 1
190 2 2 1
200 2 15 12 1
210 2 22 27 7
220 14 21 6 2
230 11 22 11 2
240 1 11 8 3 1
250 1 2 4 1
260 1 2
270
280 1
Total 18 9 65 96 36 13 3

As a consequence of the missing data outlined in Figure 3.1, the original growth model

(represented as (b) in Figure 3.3) showed an increase in growth and a decrease in L1

(Table 3.4). As smaller individuals within the age classes one - four were missing K

was increased. As a consequence of the missing older, larger fish, L1 was significantly

reduced (Table 3.4). Somatic growth ceased for both males and females at approximately

5 years of age. The growth models fitted using a fixed L1 (as shown as (a) in Figure

3.3) displayed a slower growth and a larger L1 (Table 3.4). Compared to previous

growth studies of C. richardsonii (Table 3.5) the fixed model provided a more realistic

representation of the growth. Thus, the estimates of growth from the female fixed model

(Table 3.4) were used for the subsequent sections of the study.
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Table 3.4: Point estimates and summary statistics from the von-Bertalan↵y growth
model fitted separately to males, females then combined of Chelon richardsonii sampled
from Saldanha and Langebaan (CV = coe�cient of variation, CI = the lower and upper
95% confidence intervals).

Parameter Point Estimate CV 95% CI
Male L1 229.18 0.01% 226.151 : 232.51

K 1.20 0.07% 1.03 : 1.40
n = 236 t

0

0.23 0.04% 0.16 : 0.30
Females L1 245.40 0.01% 240.34 : 251.02

Original K 0.85 0.08% 0.73 : 0.98
n = 157 t

0

-0.07 0.71% -0.17 : 0.19
Combined L1 236.32 0.01% 233.49 : 239.70

K 1.00 0.06% 0.90 : 1.12
n = 353 t

0

0.16 0.23% 0.08 : 0.23
Male L1 307.40 - -

K 0.29 0.03% 0.27 : 0.31
n = 236 t

0

-0.89 0.12% -1.15 : -0.68
Females L1 347.40 - -

Fixed K 0.23 0.03% 0.22 : 0.24
n = 157 t

0

-1.03 0.12% -1.29 : -0.79
Combined L1 347.40 - -

K 0.19 0.03% 0.18 : 0.20
n = 353 t

0

-1.79 0.09% -2.13 : -1.51

Table 3.5: von Bertalan↵y growth parameters of Chelon richardsonii from di↵erent
studies and localities.

Species K L1 t
0

Sex Locality Study
C. richardsonii 0.228 347 -1.033 Female Saldanha Current (2017)
C. richardsonii 0.256 359 0.255 Combined False Bay Ratte (1977)
C. richardsonii 0.287 352 0.240 Combined False Bay De Villiers (1987)

Selectivity

The mesh sizes used within this study were 48 mm and 51 mm. Therefore, the selectivity

parameter (S
GN

(L)) of the commercial fishery in Saldanha and Langebaan was the

product of the selectivity curves; 48 mm and 51 mm (Figure 3.5) as outlined in equation

2.9. This was then used to adjust the observed age-frequency catch curve to the adjusted

age-frequency (Figure 3.7) used to calculate the total mortality (Z ) in the next section.
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Figure 3.5: The Chelon richardsonii selectivity of 48 mm (length at full selectivity,
Lf = 240.5 mm) and 51 mm (Lf = 255.5 mm) monofilament gillnets (75 m per net)
calculated from the gillnet fishery data in the Orange River. Combined selectivity was
calculated for the use in this study (SGN (L)).

Mortality

Natural mortality

Chen and Watanabes (1988) method of natural mortality estimation was chosen as it

does not assume uniform mortality across all age groups and consequently produces a

much more realistic natural mortality estimate. The natural mortality for each age class

(0 - 11 years) is compared against Jensen’s (1996) and Hoenig’s (1983) in Figure 3.6.

Total mortality

The instantaneous total mortality (Z ) was estimated at 1.466 year-1. Length-frequency

data was transformed using the SELECT method, to get a more realistic representation

of age classes (Figure 3.7).



48

Figure 3.6: The instantaneous natural mortality estimate for all age classes repre-
sented by Chelon richardsonii in Saldanha and Langebaan (2017). Natural mortality
was calculated using three methods; (a) Hoenig’s (1983), (b) Jensen’s (1996), and (c)
Chen and Watanabe’s (1988).

Figure 3.7: The SELECT converted normalised age-frequency distribution of females
used to estimate the instantaneous total mortality (Z ) via applying the technique out-
lined by Butterworth et al. (1989).
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Per-recruit

Using the parameters estimated in the previous sections (Table 3.1) the resulting SBR

estimated for Saldanha and Langebaan was 5.5% of pristine unfished levels.

Table 3.6: The calculated fishery target reference points (F0.1, FSB40 and FSB25) for
C. richardsonii for three varying levels of natural mortality (M ), based on the Chen
and Watanabe (1992) estimate, for both the fished and unfished growth models.

Natural Mortality Original growth Fixed growth

F
current

F
0.1

F
SB40

F
SB25

F
current

F
0.1

F
SB40

F
SB25

M
0.9

0.56 0.97 3.59 228.85 1.17 0.17 0.13 0.23

M 0.46 1.07 4.67 734.06 1.14 0.20 0.14 0.26

M
1.1

0.37 1.18 6.13 1187.55 1.10 0.22 0.16 0.29

Figure 3.8: An isopleth illustrating the response of the spawner biomass-per-recruit
(SBR) of Chelon richardsonii according to varying levels of fishing mortality (F ) and
di↵erent combinations of mesh sizes (mm). Critical reference depletion points (SB

40

,
SB

25

and SB
5

) are represented by dashed white lines. The current SBR is denoted by
the white dot; SBR depletion = 0.052, F

current

= 1.137 year

�1.
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The e↵ect on SBR under di↵erent combinations of TAE and gear restrictions was inves-

tigated by producing isopleths as a function of mesh size and fishing mortality. Although

SBR is sensitive to changes in both F and mesh size, at the current state it is slightly

more responsive to changes in mesh size (mm, Figure 3.8). The isopleth shows that at

low mesh sizes then correspondingly low F is required in order to maximise the SBR.

However, as mesh size increases, increasing F has a reduced influence on the SBR.

The results from the sensitivity analysis of SBR to di↵ering levels of instantaneous nat-

ural mortality (M ) illustrated the expected response; under scenarios of lower estimated

M, SBR would be lower (Figure 3.9). However, relative to the current estimated level of

SBR the response is minimal (Figure 3.8b). Therefore, it displayed a relative insensitiv-

ity towards M. This was investigated further through biological target reference points

(F
max

, F0.1, FSB40 and F

SB25). If M is underestimated, then stricter management of

TAE may be inferred to achieve F

SB40. However, under any scenario, a reduction of F

by more than 100% would be necessary to achieve F

SB40 (Table 3.6).

Figure 3.9: The sensitivity of the SBR model to varying instantaneous natural mor-
tality rates. M is the estimated natural mortality by the Chen and Watanabe (1992)
method, M0.9 is the mortality rate corresponding to 90% of the original M estimate
and M1.1 is the mortality rate corresponding to 110% of the original M estimate. The
(•) correspond to the current SBR at the respective M. Plot (a) represents the SBR cal-
culated from the female original growth model, (b) represents the fixed growth model.
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Exploration of the sensitivity of spawner biomass-per-recruit to growth parameters cal-

culated from heavily fished populations was investigated by estimating SBR using both

the fixed and original von Bertalan↵y growth parameters. The SBR from the original

model was estimated at 76.2% (fixed SBR = 5.5%). Comparisons between the two results

were investigated by exploring di↵erent target reference points (Table 3.6 and Figure

3.9). Estimates calculated from the original model parameters were overly enthusiastic.

Under the original model scenario, F
current

would have to be increased by 4.21 year-1 to

achieve the target reference of F
SB40

.

3.4 Discussion

Chelon richardsonii is a fast growing species with a short life span. Observed individuals

did not exceed 6 years old, a pronounced reduction from the maximum recorded age of 11

(Lamberth and Hutchings, unpublished data). Yet, similar age classes were documented

by comparable studies performed in False Bay and Saldanha (Ratte, 1977; De Villiers,

1987; Lamberth, unpublished data).

Life History

This study has shown that the use of whole otoliths as a method of age determination

for C. richardsonii provides fairly imprecise readings (IAPE = 13.9%, CV = 18.4%).

Following review of 131 ageing studies, Campana (2001) recommended threshold values

of precision of < 7.6% CV and < 5.5% IAPE, implying imprecise age determination of

C. richardsonii. Problems in age precision tend to stem from young and old fish as a

consequence of di�culties delineating between the nucleus edge and superimposition of

annuli (Campana, 2001). The results suggest that in whole otoliths of C. richardsonii

locating the nucleus edge and the first annuli increment is relatively di�cult. Lastly,

low conformity of older fish implies that superimposition in C. richardsonii is an issue.

It is important to note that IAPE is an index of precision and therefore reproducibility,

not accuracy. However, a comparative study between sectioned and whole otoliths is

adivised for future studies.
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The observed age-length structure estimated from otolith readings in this study (Ta-

ble 3.2) shows significantly di↵erent growth compared to De Villiers (1987) and Ratte

(1977). Younger age classes were substantially larger (length, mm) compared to De

Villiers (1987). This either implies a faster growth rate, underestimation of age or an

artefact of the gear used. Ageing errors and inaccuracies have negative implications on

the management outcomes from per-recruit assessments (Lin Lai and Gunderson, 1987;

Tyler et al., 1989; Reeves, 2003). Under ageing or ”smearing” appreciates the weight

and subsequently the somatic growth of younger age classes, suggesting a highly pro-

ductive stock (Tyler et al., 1989; Beamish and McFarlane, 1995; Reeves, 2003). This

corresponds to overly enthusiastic F and t
c

estimates, consequently leading to overfish-

ing (Lin Lai and Gunderson, 1987; Beamish and McFarlane, 1995). This error could

have potentially occurred. Further age validation studies would be required in order to

corroborate the age accuracy of this study.

Gillnets are highly selective, therefore fish too small or big will elude the nets. This is

evident in the age-length structure of this study (Figure 3.1). Very few fish were caught

smaller than length-at-50%-selection (214.5 mm). This is likely to increase the mean

length at each age, as the smaller individuals within the age classes are not caught. The

consequence of such would over estimate growth and increase K. This can be seen in the

von Bertalan↵y models fitted to the data prior to fixing L1 (Figure 3.4). Hence, it is

more likely that the larger age classes observed in this study is due to the selectivity of

the fishing nets used.

Age-truncation is a common artefact in fisheries exposed to excessive size selective fish-

ing (Rowe and Hutchings, 2003; Hixon et al., 2014). This structural change creates

di�culties for the accurate estimation of unfished growth. This study provides evidence

to support this. Historic data shows that C. richardsonii were commonly caught larger

than 300 mm (Chapter 2, Figure 2.2) with a maximum age of 11, yet, the largest and

oldest individual caught in this study was 285 mm at 6 years old. The implications of

this meant that the estimated asymptotic length was severely stunted in comparison to

historic estimates (Table 3.5). It is acceptable to infer that C. richardsonii has the po-

tential to grow larger, but large individuals are absent due to excessive fishing pressure

or insu�cient sampling e↵ort. Additionally, K was increased due to larger average age
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classes (especially 2-4 year olds) due to net selectivity. This amalgamated into a pre-

dicted growth similar to that of a highly productive species, such as pilchards Sardinops

ocellata (Baird, 1970; Thomas, 1985; Musick, 1999). The author acknowledges that

these are also potential issues arising from an insu�cient sample size, however within

the temporal constraints of this study manipulating L1 to represent similar asymptotic

growth of historic populations has provided a quick method to overcome these potential

problems.

Per-recruit analysis

The per-recruit assessment estimated SBR at 5.5% of pristine levels. The use of target

reference points in the application of per-recruit models has become commonly accepted

as targets for recommending optimum levels of fishing mortality (Gulland and Boerema,

1972; Clark, 1991; Mace, 1994; Anderson et al., 2008). Following revision of previous

recommended optimal levels of F, Mace (1994) recommended that a F

SB40 would be an

appropriate target (Clark, 1991; Punt, 1993; Mace, 1994), anything below this point is

debatably overexploited. This would suggest that the C. richardsonii stock in Saldanha

and Langebaan is heavily overexploited, confirming earlier suspicions (SBR < SB
40

).

The risk of stock collapse and recruitment failure is significantly increased when the

spawner biomass falls to less than 25% of unfished levels (F
SB25

)(Gri�ths et al., 1999);

implying that this particular stock is at high risk of recruitment failure and is still being

fished at unsustainable levels.

Currently, the minimum mesh size used (48 mm) facilitates the fishing of immature

individuals. Recruitment into the fishery is currently at an age of 2 years old (205.6

mm). Age-at-50% maturity was also estimated at 2 years old in this study, which is

a year younger than previously estimated (De V Nepgen as cited in De Villiers, 1987).

Restricting age-at-first capture to at least the age-at-50% maturity is a common fishery

management tool in the South African linefishery (Punt, 1993; Gri�ths, 1997; Brouwer

and Gri�ths, 2005). However, despite having the age-at-first capture set at age-at-50%

maturity for silver kob Argyrosomus inodorus, the stock became seriously depleted (3-

12% SBR reduction) in 1997 (Gri�ths, 1997). Therefore, protecting stocks by setting

age-at-first capture to age-at-50% maturity must be applied with caution.
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Approximately 30% of the current commercial catch is immature fish (Figure 2.2). The

opportunity to spawn and therefore contribute to the population is removed, increasing

recruitment overfishing and decreasing SBR. A stock with a weaker SBR is less resilient

to excessive fishing. This is confirmed by the sensitivity of SBR to mesh size (mm). As

mesh size is increased above the age-at-50% maturity, the stock becomes increasingly

resilient to larger fishing mortalities (Figure 3.8). Hence, the stock would benefit greatly

from increasing the age-at-recruitment into the fishery. Unfortunately, macroscopic stag-

ing of gonads was not performed in this study, thus the age-at-50% maturity may not

be accurate. Further assessment needs to be conducted to verify this conclusion.

Natural mortality (M ) has forever been di�cult to estimate accurately, which can cause

significant problems as a result of its intimacy with per-recruit assessments. Primarily,

inaccuracies of M originate from life history traits estimated from exploited populations

(Vetter, 1988; Hilborn and Walters, 1992). Life history parameters in exploited popu-

lations show pronounced changes corresponding to intense fishing (Buxton, 1993; Biro

and Post, 2008; Boukal et al., 2008; Enberg et al., 2012), consequently estimating M

from these will create inaccuracies (James et al., 2004). It is important to understand

how miscalculations of M can lead to inaccurate management recommendations, hence

the sensitivity of SBR as a function of M was explored. As expected, underestimating M

overestimates the SBR. However, regardless of inaccuracies, the outcome still remains

that the stock requires heavy reduction in TAE and further gear restrictions due to the

heavy depletion status of C. richardsonii.

To highlight the sensitivity of spawner biomass-per-recruit model to parameters cal-

culated from inaccurate data, the SBR was calculated from the female original growth

model (Table 3.4). Under the scenario of calculating SBR from the original growth model

parameters, the estimated SBR of the stock was 76.2% of unfished, pristine conditions,

a substantially di↵erent outcome compared to the current outcome of 5.5%. Therefore,

management inferences based on this outcome would recommend that F could be in-

creased by 640% in order to achieve an optimally exploited stock F

SB40. Whereas, the

current scenario recommends an approximate 88% reduction in F to achieve the desired

goal. This provides evidence of the importance of accurately estimating the input pa-

rameters of per-recruit models. Temporal restrictions causing insu�cient sampling lead

to a lack of comprehensive data that fully represented the stock. Making it di�cult
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to accurately estimate the growth, and subsequently the mortality, of C. richardsonii

in Saldanha and Langebaan. It is advised that future studies should increase sampling

e↵ort in order to increase the sample in size and temporal scale. Further investigation

into the accurate growth of this species is stressed. As a consequence, it is recommended

that the actual SBR lies between the two estimates (76.2% and 5.5%) but closer to the

latter.

In order to achieve the desired SBR of 40% under the current scenario there are two

management options. Firstly, F would have to be solely reduced to at least 0.155 year�1.

Secondly, age-at-first capture would have to be increased corresponding to a stretched

mesh size of at least 61 mm or greater. The results of this stock assessment suggest

that the C. richardsonii stock in Saldanha and Langebaan is heavily overexploited as a

cause of high F and small mesh sizes used, therefore new management regulations are

recommended.

Conclusion

In the absence of robust long term catch data and knowledge of stock-recruit relationship,

per-recruit analysis provides a favourable assessment method. With reference to the

Netfishery, the results from this Chapter have provided quantitative recommendations

for replenishment of a currently overfished stock. A drastic reduction in fishing e↵ort

coupled with an increase in mesh size (mm) is needed for the rebuilding of the C.

richardsonii stock.



Chapter 4

General Discussion

4.1 Introduction

Sustainable fishing is often an idealistic theory that is challenging to implement due to

contradicting demands from an intricate network of stake holders. Although uncertainty

surrounds fishery assessments, they provide the most favourable evaluation that o↵ers

the opportunity for sustainable fishing. The Marine Living Resource Act (1998) in

South Africa manifests sustainable and optimal use of marine resources in the first two

principles (MLRA, 1998). Chelon richardsonii is a commercial species on the west coast

of South Africa that despite evidence for overexploitation has been allocated excessive

fishing e↵ort and thus unsustainable fishing (Lamberth, 2017, pers. comm.). This study

has provided substantial findings through assessment methods that validate motivations

for reduced number of permits and fishing access.

The west coast Netfishery relies on the annual availability of Chelon richardsonii. Previ-

ous suspicions of excessive fishing created demand for assessment (Hutchings and Lam-

berth, 2002a, 2002b). The estimation of accurate life history parameters was integral for

both understanding the biology of the species and the per-recruit assessment. Accuracy

was dependent on two things; firstly, accurate age determination and secondly, accurate

estimation of unfished growth. Previous studies produced age estimates from sectioning

otoliths of C. richardsonii (Lamberth, unpublished data). This studys findings showed

that whole otoliths submerged in methyl-salicylate provided a fairly imprecise method of

age determination in C. richardsonii (Chapter 3). Growth was distinct between males

56
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and females, with females growing larger. The asymptotic length within the final growth

model was fixed to a historic maximum with the objective to overcome structural issues

observed in fished populations such as age truncation and reduced growth (Cooke et al.,

2007; Hixon et al., 2014).

Calculating life history parameters from exploited stocks has the potential to create

inaccuracies in the results from stock assessments (Hilborn and Walters, 1992). This

study provided empirical evidence on the severity of outcomes when estimating life his-

tory parameters from heavily fished stocks. Due to excessive fishing, the C. richardsonii

stock exhibits severe age-truncation (Chapter 2), causing a decreased longevity and in-

creased a growth rate in growth estimates. Per-recruit results based on these parameters

enthusiastically estimated the current SBR at 76.2%. In accordance to commonly ac-

cepted fishery reference points, it would have been an underexploited stock (Gulland

and Boerema, 1972; Clark, 1991; Mace, 1994). In actual fact, the SBR is closer to 5.5%

of pristine conditions (Chapter 3). This extreme dichotomy of results from a simple

fishing artefact could have considerably damaging outcomes through recommendations

of mismanagement (Boyer et al., 2001).

The C. richardsonii stock in Saldanha and Langebaan is currently heavily overexploited.

The multifaceted diagnostic approach as performed here highlights several characteris-

tics of overfishing. Together, the change in sex-ratio and reduction in both CPUE and

mean TL (mm), characterise a fishery in distress (Gulland, 1992; Gri�ths et al., 1999;

Kendall and Quinn, 2012). These trends were previously documented (Hutchings and

Lamberth, 2002a, 2002b), yet, were rendered as insu�cient to convince management au-

thorities (High Court of South Africa, 2016; Lamberth, 2017, pers. comm.). This study

provides further evidence of a heavily depleted stock through per-recruit analyses. The

current estimated SBR is at 5.5% of pristine levels. With a SBR of 5.5% (<F
SB25

) the

regional stock is at high risk of recruitment failure and stock collapse. Current fishing

pressure (1.14 year-1) is approximately four times larger than that of a highly produc-

tive stock (Musick, 1999; ICES, 2015). Regional stocks of C. richardsonii exhibiting

similar reductions in mean TL (mm) and CPUEs required complete regional closure or

a 60% reduction in e↵ort (Hutchings et al., 2008, 2010). The stock within Saldanha and

Langebaan requires drastic reductions in e↵ort and further gear restrictions.
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4.2 Management Inferences

A combination of further restrictions in TAE and gear would be the most beneficial

method. Current gear restrictions allow the use of two 75 m by 5 m monofilament

nets with a minimum stretched mesh of 48 mm and maximum of 64 mm. The age-

at-selectivity (mesh size) analysis performed outlined the positive population response

to applying increasing gear restrictions. An increase of stretched mesh size to 57 mm

would delay recruitment into the fishery to an age of 5 years (247.5 mm TL), which

would enable recently matured individuals the opportunity to spawn for 3 years prior

to capture (age-at-50% maturity = 2 years, 205 mm TL). Additionally, it is critical to

reduce the total fishing mortality. Currently at 1.14 year

�1 it is unsustainably high.

With an increase in net size to 57 mm, a reduction in fishing mortality to 0.45 year

�1

(approximately 60%) would facilitate the opportunity to replenish spawner-biomass to

the target of F
SB40. An option to explore, is to instead of reducing allocation of permits,

is to reduce the length of nets used. Theoretically, if each vessel was only permitted to

use one 75 x 5 m gillnet the total e↵ort would e↵ectively be halved, without reduction

of permits.

An important notion to remember is that compliance of the fisher is integral to the

successfulness of fishery management. Therefore, consideration of further fishery re-

strictions in terms of the user must be acknowledged. Following implementation of

stricter fishery management is likely to cause immediate reduction in yield and conse-

quently economic gain (Overholtz et al., 1993; Punt, 1993; Worm et al., 2009). Enforcing

these new restrictions would have a drastic reduction in catch for the immediate future.

Theoretically, shortcomings of yield will only be observed for two to three years, until

younger cohorts grow to recruitment size. Yield will be greater as individuals will be

larger (Overholtz et al., 1993; Punt, 1993). However, the majority Saldanha and Lange-

baan fishers rely solely on the Netfishery as their primary source of income (Hutchings

et al., 2010), meaning that a substantial reduction in catch has the potential to finan-

cially devastate the fishers, which might result in increased IUU activity and contribute

further to stock collapse.

There is a substantial volume of literature on the problems that can arise when small

scale fisheries are forced to adhere to traditional, centralised top-down management
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(e.g. Berkes, 2001, 2003; Salas et al., 2007). Small scale fisheries are inherently di↵erent

in comparison to large scale fisheries; high quantities of independent fishers, a lack

of monitored supply chain and a decentralised system creates di�culties in e�cient

management (Castilla and Fernandez, 1998; Isaacs, 2013). Fishery management tools

such as Total Allowable Catch are harder to enforce (Worm et al., 2009). The Netfishery

is currently managed with e↵ort and gear regulations, as outlined in Chapter 1. Illegal

netting is already an issue (Hutchings et al., 2008) and has the potential to be further

enhanced with harsher restrictions. Hence, development of alternative management

techniques may be required.

Fishers within Saldanha and Langebaan would not cope with a prolonged substantial

reduction in catch. Thus, alternative solutions must be developed to mitigate these

future problems. Avenues that account for these include schemes such as buybacks,

alternative livelihoods and value-adding. Buyback schemes are commonly used gov-

ernment tools that address overcapacity and overexploitation (Squires, 2010), with the

objective of resource conservation (Holland et al., 1999). They are of particular benefit

to fisheries in stock crisis, as funding can be directed at the vessels that have the most

successful catch history e↵ectively reducing the fishing power quickly (Holland et al.,

1999). Development of alternative livelihoods is key for long-term reduction in fishing

e↵ort, as buybacks have a tendency to only be short-term (Holland et al., 1999). The

growing mussel and oyster industry within Saldanha has the potential to create a fur-

ther 2,500 jobs within the area (Olivier et al., 2013), thus producing alternative sources

of financial income for Netfishers. Lastly, C. richardsonii are low value fish that are

commonly salted and dried (Hutchings et al., 2010), yet through the improvement of

the supply chain there is the opportunity to add value; such as producing frozen fish,

thereby increasing income of fishers (Bn and Heck, 2005; DAFF, 2012).

4.3 Future Research

De Villiers (1987) demonstrated the chronological deposition of opaque and translucent

annual growth bands, however quantitative validation was not performed. Hence, further

examination of age validation would be recommended (Campana, 2001), in order to

confirm the feasibility of using whole otoliths for C.richardsonii age determination.
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The importance of stock identification for accurate fishery management is well known

(Begg et al., 1999). Populations with multiple separate spawning stocks are likely to ex-

hibit di↵erent life history parameters and mortalities (Begg and Waldman, 1999), hence

if fishing mortality was uniform the less productive stock may be removed (Ricker, 1958).

It has been proposed that there are multiple spatially explicit stocks of C. richardsonii

(Lamberth, unpublished data). Consequently, future research for stock identification

within the west coast C. richardsonii population is imperative for the accurate manage-

ment.

Lastly, considering that per-recruit assessments are short term predictors of stock con-

dition and fish stocks are dynamic, re-assessment would be recommended in 3 years (the

observed half life span of C. richardsonii.
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Peuhkuri, N., Ranta, E., and Seppä, P. (2010). Size-assortative Schooling in Free-ranging

Sticklebacks. Ethology, 103(4):318 – 324.

Potter, I. C., Beckley, L. E., Whitfield, A. K., and Lenanton, R. C. J. (1990). Com-

parisons between the roles played by estuaries in the life cycles of fishes in temperate

Western Australia and Southern Africa. Environmental Biology of Fishes, 28(1 - 4):143

– 178.

Prince, J. and Hilborn, R. (1998). Concentration profiles and invertebrate fisheries

management. Canadian Special Publication of Fisheries and Aquatic Science, 125:187

– 196.

Punt, A. (1993). The use of spawner-biomass-per-recruit in the management of line-

fisheries. In Beckley, L. and Van der Elst, R., editors, Proceedings of the Second South

African Marine Linefish Symposium, pages 80 – 89.

Punt, A., Walker, T., Taylor, B., and Pribac, F. (2000). Standardization of catch and

e↵ort data in a spatially-structured shark fishery. Fisheries Research, 45(2):129 – 145.



72

Ranta, E., Peuhkuri, N., and Laurila, A. (1994). A theoretical exploration of antipreda-

tory and foraging factors promoting phenotype-assorted fish schools. Écoscience, 1(2):99
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