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This study attempts to explain the variability in recruitment of sardine in the northern Benguela and to
develop potential models by including environmental information to predict recruitment. Two differ-
ent recruitment and spawner number datasets were available: a VPA-developed dataset, for the period
1952-1987, and data from a simple age-structured model for 1992-2007. In all, four environmental
indices were used: the degree of the intrusion of the warm Angola Current into northern Namibia,
termed the Angola-Benguela front index; the extent of the upwelling area off central Namibia; average
sea surface temperature (SST) over the northern and central Namibian shelf; and wind stress anomalies
at Luderitz as an indicator of upwelling strength. Contrary to general belief, it was found that extremely
high recruitment can happen at low spawner levels. This occurred in years in which a large upwelling
area existed in association with the minimum southward intrusion of the Angola Current. These effects
override the normal negative linear relationships with SST and the positive linear relationship with
wind. However, when the area of upwelling is average or small, the effects of spawner biomass, SST
and wind become important factors in the variability of recruitment. To estimate exceptional recruit-
ment, the upwelling and front indices were included in the model. To measure medium and weak
recruitment, spawner numbers and the SST and wind anomaly formed part of the model. These models
can be used simultaneously to predict recruitment before annual acoustic surveys take place and thus

aid management decisions.
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Introduction

The southern African sardine Sardinops sagax has formed
the basis of an important fishing industry in Namibia since
the late 1940s (Crawford et al. 1987). During the late 1950s
and 1960s, the stock level was estimated at several million
tonnes (Thomas 1986, le Clus et al. 1988). Sardine are
mainly used in the canning industry and catches have risen
very rapidly from about 200 000 t during the early 1950s to
a maximum of 1.4 million tin 1968 (Thomas 1986). Catches
decreased considerably to around 50 000 t in the late 1970s
to the late 1980s. There was a minor recovery during the
early 1990s, with catches of around 100 000 t, but catches
continued to decline and in 2002 a one-year moratorium on
all sardine fishing in Namibian waters was implemented (De
Oliveira et al. 2007). Since then, catches have been below
30 000 t and with no signs of recovery.

Since the late 1970s, landings consisted mainly of the first
four year classes (le Clus et al. 1988) and more recently of
only one to two year classes. Thus, the fishery has in the
recent past relied heavily on the annual recruitment. The

modal length of sardine catches taken between 1952 and
1957 was 26 cm total length, with some attaining lengths
of up to 29.5 cm (Matthews 1960). However, more recently
there have been very few individuals larger than 26 cm
landed and the modal length between 1997 and 2000 was
only 21 cm (Boyer et al. 2001), confirming the reduced size
structure of the population.

During peak biomass years, dense sardine shoals
occurred throughout the northern Benguela region,
between Lideritz and the Angola—Benguela front (Boyd and
Cruickshank 1983, Beckley and van der Lingen 1999). Since
the decline, the stock distribution has been confined to only a
few small areas along the Namibian coast (Hampton 2003).

Historically, spawning was concentrated around two main
areas, off central Namibia (Walvis Bay region, 23° S), where
older fish spawn in early summer, and off northern Namibia
(Palgrave Point, 20°30'S), where younger adults spawn
during late summer/autumn (Matthews 1964, O'Toole 1977,
le Clus 1990b, 1991) (Figure 1). However, these spawning
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patterns are not within rigid boundaries because of the high
variability in the timing of the peak spawning in the northern
and southern areas (le Clus 1990a). According to Bakun’s
triad hypothesis (Bakun 1996), the Walvis Bay region has
most of the characteristics required for spawning, i.e. the
coastline follows a slightly concave orientation and the shelf
is fairly wide (Boyd et al. 1987), which creates a relatively
sheltered area conducive to near-surface thermal stratifica-
tion (le Clus 1990a). Upwelling activity is much less intense
in this area compared with other areas farther north (i.e.
Cape Frio 19° S) and south (i.e. Luderitz 26°30’S). Thus,
the resultant Ekman offshore transport is also less in the
Walvis Bay region (Parrish et al. 1983). Farther north, at
Palgrave Point, strong stabilisation of the water column
occurs under diminished wind conditions, and usually in
summer. However, that region is more exposed and the
shelf is narrower, and its closer proximity to the Angola—
Benguela frontal zone and the strong upwelling centre off
Cape Frio makes it more variable than the central area off
Walvis Bay.

Juvenile and young adult sardine migrated northwards
to the Palgrave Point area, where they spawned first, and
the older adults return south to spawn near Walvis Bay.
Crawford et al. (1987) suggested that spawning off Walvis
Bay decreased after the collapse of the fishery during the
mid-1970s. Walvis Bay has always been the activity centre
of the pelagic fishing industry and the high fishing pressure
associated with this area may have resulted in a depletion

®Palgrave Point

NAMIBIA

Cape Cross

Walvis Bay

Conception Bay

Figure 1: Map indicating the coastline of Namibia

of the southern spawning population (King 1977, O'Toole
1977). However, during the 1980s, after the collapse of the
stock, sardine appeared to spawn within the same range
as they did during the 1960s, and only during cool years
did sardine spawn mainly in the northern areas (le Clus
1990a). Gonadosomatic information for the 1980s and
1990s (Kreiner et al. 2001), as well as backdated birth-date
information of young fish (Hardmann-Mountford et al. 2003),
indicates that spawning peaks at the same time of the year.
However, information on spawning location is very limited
for the 1990s and 2000s. As the fishing season for sardine
is open from March to August, which falls outside their peak
spawning period, very limited information on the distribu-
tion of the spawning stock can be obtained from the fishing
industry. Egg and larval surveys conducted from 2000 to
2005 showed that early life stages of sardine are distributed
along the entire coast between 23° S and the Kunene River
(Stenevik et al. 2005, Kreiner et al. 2009).

Sardine recruitment in the northern Benguela exhibits
large interannual variability (Boyer et al. 2001), which has
affected the fishing industry because the stock size and
resulting total allowable catch (TAC) depend heavily on
the annual recruitment. Recruitment from the 1991/1992,
1995/1996, 1996/1997 and 2001/2002 spawning seasons
have been exceptionally good, especially considering the
small size of the spawning stock during those periods. No
clear spawner stock-recruit relationship could be established
for the sardine over the past 15 years (De Oliveira et al.
2007), and it is possible that environmental conditions
during and after the spawning season could be the driving
force for recruitment success, especially with the current
low spawner stock biomass. Thus, a better understanding
or assessment of the influence of environmental conditions
on recruitment success of sardine could improve current
sardine management procedures.

There have been several investigations into the relation-
ship between sardine recruitment and environmental
variables in the northern Benguela. Le Clus (1990) showed
that negative sea surface temperature (SST) anomalies
caused spawning activity to decrease near Walvis Bay. Le
Clus (1991) showed a dome-shaped relationship between
sardine spawning (number of eggs) and thermal stratifica-
tion. Cole (1999) used mean weekly SST satellite images
to help explain the variability of recruitment from 1981 to
1987. Hardmann-Mountford et al. (2003) examined the role
of spatio-temporal oceanographic variability on recruitment
success by applying a neural network pattern-recognition
technique on satellite-derived sea level data for the period
1993-1999. Although this analysis was based on only seven
data points, Hardmann-Mountford et al. (2003) concluded
that moderate upwelling and a weak Angola Current
intrusion were optimal for successful recruitment. Daskalov
et al. (2003) investigated a large-scale perspective using two
indices, SST in the tropical Atlantic and coastal wind stress
at Llderitz, to relate to sardine recruitment. They concluded
that prior to the mid-1980s, sardine recruitment strength was
positively correlated with SST and negatively with wind, and
that subsequently these relationships were reversed. They
suggested a switch between environmental regimes or a
change in population behaviour of the depressed sardine
stock as reasons for these patterns.
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According to De Oliveira et al. (1998), the stock-recruit
relationship tends to dominate in terms of the impact on
the performance of the management procedure for South
African sardine, considering uncertainties. The stock-recruit
estimates obtained from the Namibian sardine assessment
described in De Oliveira et al. (2007) are unable to distin-
guish between any conventional stock-recruit relationships.
To provide management advice, recruitment for predictions
has to be simulated and therefore some assumptions about
recruitment dependence are essential.

The objective of this paper is to gain a better under-
standing of the influence of the environment on recruit-
ment. Recruitment must at least in part be dependent on the
spawning biomass, so it is interesting that in the three years
of exceptional recruitment (1996, 1997 and 2002), there
were extremely low biomass levels. This unexpected result
was investigated. The study is in three parts: it attempts to
fit conventional spawner-recruit relationship to historic data;
it investigates relationships with four alternative environ-
mental indices; and it develops models that can be used for
recruitment prediction.

Material and methods

Spawner and recruitment estimates

Sardine off southern Africa have been exploited since
1952, but directly comparable estimates of spawner
numbers (2-year-old fish) and recruitment (0-year-old fish)
over the entire time period are not available. Estimates
are available from 1952 to 1987 and from 1992 to 2008
(Figure 2) using two different assessment methods. No
spawner estimates are available from 1988 to 1991. The
limitation (described below) of the estimates for the period
1952-1987 were recognised and therefore these were
only used for illustrative purposes and qualitative compar-
isons, whereas those for the period 1992-2007 were used
further in statistical analysis. Because the result of this
analysis is to be used in the current stock assessment
model, all analyses are in terms of fish numbers rather
than biomass.

Estimates of the number of spawners for the first period
(1952-1987) were made during the time that the International
Commission for the Southeast Atlantic Fisheries (ICSEAF)
was responsible for the regulation of marine resources in
the South-East Atlantic. These estimates were obtained
using virtual population analysis (VPA) (Gulland 1965) and
are described in Butterworth (1979, 1980) and le Clus and
Thomas (1981). A constant natural mortality value of 0.5 y-'
was used throughout, for reasons described in Butterworth
(1978). A matrix of numbers-at-age (le Clus et al. 1988)
from 1952 to 1987 was used in this analysis. Estimates
prior to 1970 are subject to uncertainty because age—length
data have only been available since 1970 (Thomas 1986).
However, tagging and aerial/acoustic estimates showed a
fair agreement with the trend of the VPA-estimated biomass
(Thomas 1986). Using a single age—length key for the
years prior to 1970 smoothed out the years of good and
bad recruitment. Recruitment estimates (in numbers) were
obtained by the same stock assessment techniques as
those used for the spawner numbers. Using the VPA, the
estimated 0O-year-old fish were taken as recruitment. The
spawner numbers of the same year produce the recruitment
of that year.

For the second time period (1992-2007), a simple alterna-
tive age-structured model, using Hypothesis 1 as described
in De Oliveira et al. (2007), was used. Although those
authors considered their Hypothesis 4 to have a superior
fit than Hypothesis 1, with the additional data (annual catch
and acoustic survey information, 2005-2007), this was
no longer the case. This model is based on only two age
classes because of clear modes in the length frequency
data and the lack of age data. This assessment provides
estimates for fish older than two years, which were taken as
the number of spawners (Table 1). The model (De Oliveira
et al. 2007) estimates recruitment for every year individu-
ally, which is related to a survey recruitment index. This
survey index is obtained on an annual basis from the survey
conducted in spring (October/November), which assesses
the adult stock and provides a recruitment index (Kreiner
and Boyer 2001, Boyer et al. 2003). Estimated 0-year-old
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Figure 2: Biomass estimates from 1952 to 1987 (VPA-estimated, le Clus et al. 1988) and from 1992 to 2007 using the method described in De
Oliveira et al. 2007 as well as catches taken throughout this period (VPA = virtual population analysis, SASM = simple age-structured model)
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fish are used as proxy for recruitment and the number of
spawners in one year produce the 0-year-old fish in the
same year (De Oliveira et al. 2007) (Table 1).

Angola—Benguela front index

The Angola—Benguela front is the boundary area between
the cold Benguela upwelling system to the south and the
warm subtropical Angola Current to the north. Sardine is
an upwelling-dwelling species and is confined to the area
south of the front. In summer, the front migrates southwards

as upwelling relaxes off northern and central Namibia and
in winter/spring it is farther north in southern Angola as
upwelling intensity intensifies over that area. The Angola—
Benguela front index is an approximation of the monthly
position of the front, using the latitudinal position of the
21 °C isotherm along the coast over a 1°-wide coastal
stretch of water, estimated from satellite-derived SST
images (Bartholomae and van der Plas 2007). A similar
index (warm-water intrusion index 1, WI1) has been used
by Voges et al. (2002), but calculated over a 72 km-wide

Table 1: Estimated recruitment and spawner numbers using the De Oliveira et al. (2007) model (1992-2007), upwelling and front indices

(1983-2007) and SST and wind anomalies from 1960 to 2007

Year Recruitment Spawner Upwelling Front SST Wind
(10°) numbers (10%) index index anomaly anomaly
1960 —-0.46 -0.32
1961 -0.26 -0.02
1962 -0.95 0.39
1963 -0.43 1.18
1964 -0.15 0.01
1965 -0.96 0.15
1966 0.38 -0.38
1967 0.92 0.50
1968 0.16 -0.88
1969 0.48 -0.49
1970 0.22 -0.24
1971 0.13 -0.13
1972 -0.87 0.30
1973 —-0.16 -0.78
1974 -0.86 0.66
1975 —-0.46 0.08
1976 1.15 -0.33
1977 -0.43 -0.29
1978 0.01 -0.98
1979 1.80 -0.25
1980 0.62 -0.92
1981 0.98 -0.38
1982 1.19 —-0.66
1983 1.75 -15.67 1.53 -1.22
1984 1.87 -16.67 0.32 0.26
1985 3.83 -16.00 -0.21 -0.33
1986 1.76 -16.00 0.67 -0.85
1987 4.38 -15.00 0.98 -1.30
1988 2.07 -16.33 0.55 0.01
1989 3.20 -16.50 -0.65 0.88
1990 2.20 -16.00 -0.72 0.24
1991 2.35 -16.00 0.22 —-0.36
1992 31.84 5622 3.19 -15.33 0.03 -0.72
1993 9.36 6 705 0.15 -16.50 -0.77 0.29
1994 3.15 4119 2.64 -16.17 -0.97 0.39
1995 0.29 1242 1.61 -17.50 -0.71 1.08
1996 32.59 124 2.81 -16.83 -0.25 0.80
1997 33.3 23 3.27 -15.00 0.98 —-0.61
1998 18.09 2775 0.50 -16.67 0.56 -0.09
1999 7.86 3445 2.03 -16.83 -0.22 0.32
2000 5.09 2475 2.69 -16.83 -0.17 0.61
2001 7.37 1238 0.68 -16.83 -1.19 0.25
2002 62 755 5.91 -15.50 -1.32 0.49
2003 2.61 876 2.31 -16.00 —-0.69 0.09
2004 16.82 5806 2.36 -16.00 -0.55 -0.73
2005 1.34 1826 1.19 -16.67 -0.83 0.20
2006 0.74 1917 1.82 -16.83 —0.44 0.18
2007 4.19 684 0.08 -16.67 -0.15 0.11
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coastal band of water. The average position of the 21 °C
isotherm, representing the meridional position of the front,
was calculated for the main spawning season of sardine
(October—March). This index gives an indirect measurement
of the size of the northern Benguela upwelling area and
provides additional information on the spatial dynamics of
upwelling over the northern Benguela region. For example,
in warm years, the front would be located farther south and
result in a smaller northern Benguela upwelling area than in
cooler years when the front is farther north.

Upwelling index

An upwelling index was calculated for the central Namibian
shelf region (22°-24° S, 12°-14° E), similar to that described
by Voges et al. 2002 (upwelling index 2, UW2). In this
case, the percentage area where offshore and inshore
temperatures differed between 3 °C and 12 °C was used
as a proxy for the size of suitable upwelling area over the
central Namibian shelf. As for the front index, these values
were averaged over the main spawning season of sardine
(October—March), resulting in a single upwelling index for
each spawning season.

SST index

Monthly SST data derived from NOAA satellite data were
used to calculate a SST index over the central Namibian
shelf region (22°-24° S, 12°-14° E) by averaging the SST
values over this area and between January and March
for each season since 1982. This time period is when
warm-water intrusions into northern Namibia are most
common and upwelling intensity is lowest, and it also
coincides with the latter part of the sardine spawning season.
This time-series was extended backwards to 1960 using
the Comprehensive Ocean—Atmosphere Data Set, and a
nine-year overlap period between 1982 and 1990 was used
to verify the compatibility and correspondence between the
two datasets.

Wind index

The Lideritz upwelling cell is the strongest in the Benguela
system and is active throughout the year, with a slight
relaxation in winter (Parrish et al. 1983). Monthly standard-
ised wind stress anomalies derived from wind data collected
at Diaz Point near Luderitz for the past 48 years (Peard
2007) were used as a proxy of upwelling strength. As for the
SST index, the wind stress anomalies were averaged over
January and March for each season.

Current spawner number recruitment assumptions and
calculations

Both the Beverton and Holt (1957) and Ricker (1954) stock-
recruit assumptions were made for the first time period
(1952-1987) to evaluate a historic relationship between
spawner numbers and recruitment. These functions were
fitted to the stock-recruit estimates derived from a VPA
analysis based on historic catch-at-age data (Table App.1.1;
le Clus et al. 1988).

The Beverton and Holt relationship is computed as:

N — aXN2+(y)
W) = BaNu(y))

where a is the maximum recruitment produced and b is the
spawner numbers where recruitment is half of maximum.
Spawner numbers are denoted by N,,(y) and recruitment
numbers as N,(y) for year y.

The Ricker relationship is given by:

No(y) = axNy, (y)xe P*Na:ly)

where « is the recruits-per-spawner at low stock sizes and
B describes the rate at which the recruits-per-spawner drop
as N,,(y) increases.

Environmental indices and recruitment assumptions
and calculations

Correlations and autocorrelations were carried out on all
the datasets used for the period 1992-2007. After careful
consideration of any possible non-linear relationships
between recruitment and the environmental parameters,
recruitment was linearly regressed with the four environ-
mental indices described above. Wind and SST anomalies
are available from 1960 (Table 1), therefore they could be
regressed with part of the recruitment data available for
the period 1960-1987. The upwelling and front indices are
available from 1983, and recruitment of the second time
period (1992—-2007) was linearly regressed with all four
environmental indices. The least-squares method was used
to determine the best-fitting straight line:

Nyobs(y)=envx d+c

where env is the environmental parameter, 6 is the gradient
and c the intercept of the regression.

A multivariate regression model with an interaction term
was fitted to recruitment (N,) against the upwelling and front
indices using the statistical package SPSS® Base 9.0:

Ngest = u+ o x fro(y) + n x upwel + v x (fro x upwel) + ¢

where « is the front factor, n is the upwelling index factor and
u is the intercept. An interaction (v) between the front and
upwelling indices was included. The assumption was made
that the error ¢ is normally distributed.

A further multivariate regression model with an interaction
term was fitted to recruitment (N,) against spawner numbers
(N,,), and SST and wind anomalies:

Ngest=u+ B x N,,(y) + a x SST(y) + n x wind(y)
+ v x (SST x wind) + ¢

where S is the spawner numbers factor, o is the SST anoma-
ly, nis the wind anomaly and p is the intercept. An interaction
(v) between the SST and wind anomalies was included. The
assumption was made that ¢ is normally distributed.

Results

The biomass estimates shown in Figure 2 of the two time
periods were not directly comparable; however, they
provided a qualitative view of the trend in the northern
Benguela sardine stock. Since the early 1970s, the total
biomass of the sardine stock decreased markedly and,
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although there have been small peaks since 1990, the
stock has never recovered to its historic levels. Even though
catches were kept low since 1978, the sardine biomass
remained at depleted levels (Figure 2).

Both the Ricker (Figure 3a) and Beverton and Holt curves
were fitted to the historic VPA estimates (1952-1987) and
explained 59% and 58% of the variation in the historic
recruitment respectively. Recruitment can therefore be
estimated by

52.63x Ny, (y)

(Beverton and Holt)
(19390+ Ny, (y))

No(y) =

No(y) = 0.0023x Ny, (y)x & 0-0000255xNz. () (Ricker)

However, the residuals (Figure 3b) clearly showed that the
data points were not spread randomly around the estimated
Ricker curve, but rather there was a time period of high
recruitment followed on by a time period of low recruitment
(autocorrelation). Thus, these models alone were inappro-
priate to predict recruitment. Since 1965, recruitment was
estimated to be low, irrespective of the high spawner
numbers. These recruitment values were regressed with
the wind and SST anomalies data from 1960 to 1987 and
it was found that recruitment was weak at positive wind and
negative at SST anomalies (Figure 4).

Figure 5 illustrates the stock recruitment data from 1992 to
2007 and it is clear that at extremely low spawner numbers,
there was exceptionally high recruitment for the years 1996,
1997 and 2002. This pattern is contradictory to the conven-
tional assumption that at low biomass levels recruitment is
directly dependent on spawner biomass. However, if these
three years were excluded from the analysis, 39% (p =
0.022) of the variation in recruitment could be explained
by the spawner numbers (Figure 5). It is evident that these
exceptionally high recruitment years were independent of
spawner numbers and therefore alternative explanatory
variables were explored.

The correlations between the four environmental indices
as well as recruitment and spawner numbers are shown
in Appendix 2 (Tables App.2.1 and App.2.2). It is shown
that SST and the front indices were highly correlated, so
they were not used simultaneously in an analysis. There
was very little to no autocorrelation found in the datasets
(Table App.2.3). In addition to spawner numbers, linear
regressions were performed on recruitment vs wind and
SST anomalies, and upwelling and front indices, including
all data points as well as excluding the three exceptional
recruitment years from the regressions. When all the data
points were included, the wind and SST anomalies did not
show a significant linear regression, with recruitment at
r2=0.01 (p = 0.694) and 0.04 (p = 0.450) respectively
(Figure 6a, c). However, with the exclusion of the 1996,
1997 and 2002 data, regressions of r2 = 0.28 (p = 0.063)
and r?2 = 0.60 (p < 0.002) were obtained for the wind and
SST anomalies respectively (Figure 6b, d). In contrast, for
the upwelling index, the regression was highly significant
with the inclusion of all data points (r? = 0.56, p < 0.001),
and with the exclusion of the three exceptional years the
regression was not significant (r? = 0.057, p = 0.434)
(Figure 6e, f). The front index regressions were significant
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Figure 3: (a) Ricker-fitted stock recruitment graph to data from
1952 to 1987 and (b) residuals between observed and estimated
recruitment values

irrespective of whether all the data were included (r? =
0.416, p = 0.007) or excluded (r? = 0.46, p = 0.012)
(Figure 64, h).

Multivariate regressions with the inclusion of an interac-
tion were carried out, first by including all the most recent
data and using the upwelling and front indices as variables
and then by excluding the three exceptional years from
the dataset and using spawner numbers, wind and SST
as variables. These various models are shown in Tables
App.2.4 and App.2.5 respectively.

When all the data were included, the multiple regres-
sion showed that with the inclusion of both covariates, the
upwelling and front indices, and the interaction between
these indices, the model explained 73% of the variance in
the data (adjusted r? = 0.67; Table 2). However, although the
corrected model was significant at p = 0.001, the intercept
and front index had p-values of 0.2, which were not signifi-
cant at the 5% level (Table 3). Both upwelling index and the
interaction were significant at that level with p = 0.036 and
0.043 respectively (Table 3). This model fits the years 1997
and 2002 well, but the observed 1996 data point is fitted
poorly. In addition, the recruitment failures in 1994, 1995
and 2003 are not well fitted by this model (Figure 7).
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Figure 4: VPA-estimated recruitment data and wind anomaly (upper left) and with SST anomaly (lower left) from 1960 to 1987. Regressions
of recruitment versus wind anomaly (upper right) and SST anomaly (lower right)

The model including all the data is described by:

Ny(y) = 149.73 x upwel(y) — 14.98 x fro(y) + 8.86 x (upwel(y)
x fro(y)) — 244.77 (Model 1)

For the case in which the 1996, 1997 and 2002 data
points were excluded and regressed against spawner
biomass, wind and SST, and the interaction between
wind and SST, the model explained 90% of the variation
and was highly significant (p = 0.0005). All the covari-
ates and the interaction were significant (Table 4). The
model fitted the observed years of recruitment failure
very well.

This model (Figure 8) can be described by the following
equation:

Ny(y) = 0.001 x SSN,,(y) + 7.98 x wind(y) — 18.72 x SST(y)
—21.41 x (wind(y) x SST(y)) + 7.83 (Model 2)

This model was then further used to estimate the three
excluded data points as indicated in Figure 8. Again, the
1996 data point was estimated poorly, but this model could
also not estimate the extremely high recruitment in 2002.
The 1997 data point was estimated well.
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Figure 5: Spawner numbers and recruitment values obtained by
following the method described in De Oliveira et al. (2007). The
closed triangles denote the years of extremely high recruitment,
irrespective of low spawner numbers
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Figure 6: Linear relationships between recruitment and SST and wind anomalies and front and upwelling indices including all data
(1992-2007) (left) and excluding 1996, 1997 and 2002 (right)

Discussion

The Namibian sardine stock has been at very low biomass
levels since about 1970, and apart from a short period of
partial recovery in the early 1990s, the stock has shown no
signs of improvement. This may partly be a result of the high

catches taken in the 1960s, but it was also due to persistent
low recruitment over an extended period of time. During
the first half of the 1960s, recruitment was high; however,
irrespective of a high spawner biomass, recruitment was
estimated to be low for many years thereafter. This pattern
suggests a high spawning biomass does not necessarily
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Table 2: Results for the model (including all data) used to estimate
recruitment using the upwelling (upwel) and front indices as
variables

Table 3: Results for the model (excluding data for years 1996, 1997
and 2002) used to estimate recruitment, using spawner numbers,
SST and wind anomalies as variables

95% 95%
Parameter confidence interval Parameter confidence interval
Model 1 ) p-value Model 2 ) p-value
estimates Lower Upper estimates Lower Upper
bound bound bound bound
Corrected 0.001 Corrected model 0.0005
model ' Intercept 7.833 0.009 2.51 13.15
Intercept —244.768 0.213 -650.64 161.10 SST 7.982 0.009 2.55 13.41
Upwel 149.732 0.036 11.47 287.99 Wind -18.720 0.002 -28.12 -9.32
Front -14.979 0.209 -39.57 9.61 Spawner numbers 0.001 0.047 0.00 0.00
Upwel x front 8.863 0.044 0.30 17.42 SST x wind -21.406 0.016 -37.67 -5.14
Computed using a = 0.05 Computed using o = 0.05
r? =0.73 (adjusted r? = 0.67) r2=0.90 (adjusted r2 = 0.85)
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Figure 7: Observed sardine recruitment and model-fitted (Model 1)
recruitment with 95% confidence intervals for the best-fit model
using all data points from 1992 to 2007 and regressed against the
upwelling and front indices

guarantee good recruitment, so perhaps environmental
conditions could be the overriding factor for recruitment
success. As found by Daskalov et al. (2003) for the ICSEAF
VPA estimates in the northern Benguela, the periods of poor
recruitment coincided with conditions of above normal wind
stress (Figure 4). This is contrary to what has been the case
in more recent years (1992—-2007) (Figure 6). The ICSEAF
VPA dataset further suggests that there was complete
recruitment failure from 1975 to 1987 (Figure 4). This,
however, seems unlikely because the sardine stock was
estimated at about 1.5 million t in the early 1990s, so prior
to that there had to be some years of strong recruitment.
Environmental information used in Model 1 is available from
1983 onwards (Table 1), therefore recruitment from 1983 to
1991 could be estimated. Strong recruitment was estimated
for 1985 and 1987 (Figure 9), which could explain the higher
biomass values in the early 1990s. The strong recruitment
in 1985 was also indicated from egg surveys reported by
le Clus (1990a), who suggested that recruitment in 1982
and 1983 was reasonable and not a recruitment failure as
indicated by the VPA data.

Figure 8: Observed sardine recruitment and model-fitted
recruitment with 95% confidence intervals from 1992 to 2007
for the best-fit model excluding data for 1996, 1997 and 2002.
Recruitment was regressed against the spawner numbers, SST
and wind anomalies. Recruitment for 1996, 1997 and 2002 was
then estimated using this recruitment model (Model 2)

[[] Observed recruitment
60 [l Estimated recruitment

RECRUITMENT NUMBERS (x10°)
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Figure 9: Recruitment obtained using the De Oliveira et al. (2007)
model from 1992 to 2007 and estimated recruitment from 1983 to
1991 using Model 1 of this study
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For conventional spawner-recruit relationships (Beverton
and Holt 1957, Ricker 1954), there should be a linear
relationship between spawner and recruit numbers at low
biomass levels. Since the 1970s (with the exception of
the early 1990s), only low recruitment would therefore be
expected. However, the more recent data (1992-2007)
show that exceptionally high recruitment, similar to the
levels found in the early 1960s, was obtained in 1996,
1997 and 2002, irrespective of the extremely low spawner
biomass in those years. These years were excluded from
the dataset for some of our analyses. For the full dataset,
there was no correlation between recruitment and spawner
numbers nor between recruitment and wind and SST
anomalies. However, with the exclusion of these data
points, there was a significant, positive linear relation-
ship between recruitment and spawner numbers, as well
as wind, as found by Daskalov (2003), and a significant
negative correlation with SST on the central Namibian shelf
(Figure 5). Recruitment was highly significantly correlated
to the front index, irrespective of whether all the data points
were included or not. In contrast, the upwelling index was
only a significant variable if all the data were included in
the dataset (Figure 5). This pattern suggests that in years
when the area of upwelling is large, the influence of the
effect of wind and SST is irrelevant, but in years of medium
or small upwelling areas, the positive SST and negative
wind anomalies can cause a complete recruitment failure.
However, the influence of the extent of the intrusion of the
frontal zone is still an important factor.

Using the complete dataset, recruitment appeared
to be highly dependent on the area of upwelling and the
movement of the frontal zone into Namibian waters,
and the interaction thereof (Model 1). Both the environ-
mental indices were strongly correlated with good recruit-
ment when the area of upwelling off central Namibia was
above average, and during seasons when the position
of the front was farther north, implying cooler conditions
usually associated with stronger upwelling off northern
Namibia. Upwelling off central/northern Namibia is not very
strong during summer and a high upwelling index value
would likely fall within the optimal environmental window
as described by Cury and Roy (1989), which correlates
well with the good recruitment obtained for these years.
A more northerly position of the front during these years
(1997 and 2002) would not only imply higher levels of
upwelling off central and northern Namibia but it would also
present a larger area with favourable conditions along the
northern Namibian coast. This is important considering
the patchiness of the current sardine stock, i.e. the more
area available with favourable environmental conditions
the better the chances of selecting such an area during
spawning activity. During warmer years, the front would
be farther south, as a result of weak upwelling, which not
only reduces the upwelling area but also provides space
for the influx of nutrient- and oxygen-poor Angolan water.
The subsequent increase in SST over northern Namibia
would not favour primary production and result in reduced
fish larval survival (Boyd et al. 1987, Gammelsrad et al.
1998). Bartholomae and van der Plas (2007) showed that
SSTs have increased off northern Namibia during the past
decade, especially in summer, which has resulted in fewer

years in which cool conditions prevail. The front index
provides important information on the spatial dynamics of
the northern Benguela upwelling area over the shelf, which
is not entirely captured by the upwelling index alone.

The ability to predict recruitment failure is more important
for management purposes than to predict years of exceptional
recruitment. In periods when the area of upwelling is average
and below average, variables such as SST and wind become
important factors. A highly significant model (Model 2) was
developed using the dataset that excluded the three years
of exceptionally high recruitment. The variables, spawner
numbers, SST and wind anomalies were used to explain the
variance in observed recruitment. This model fits the data
of years of medium and poor recruitment very well, but the
model does not predict the data for 1996, 1997 and 2002
data adequately (Figure 9).

Neither of the two models could fit the high recruit-
ments observed in the 1996 season. An explanation is that
sardine may have invested a lot of energy into spawning
as a survival strategy following the extreme Benguela Nifio
conditions the previous year (Gammelsrgd et al. 1998).
Upwelling increased towards the second half of 1996 and
continued throughout the 1997 season (Bartholomae and
van der Plas 2007), which also resulted in good recruitment
for that season. It is possible that the strong upwelling during
the second half of 1996 improved the survival rate of the
juvenile sardine from the 1995/1996 spawning season.

Most stock-recruit relationships that simulate future recruit-
ment are based on the assumption of linearity at lower
biomass levels. Until recently, this was also the assumption
given for Namibian sardine, which predicted that no recovery
of the sardine stock was possible. However, it appears
that high recruitment can be obtained at very low spawner
number levels and recruitment can fail completely at high
spawner number levels, scenarios that should be consid-
ered that in management recommendations. All the environ-
mental indices used in this study can be obtained at the end
of March of each year. By using Model 1, exceptional recruit-
ment can be predicted and Model 2 can possibly predict
years of average and poor recruitment. Using these two
models simultaneously will be an improvement on previously
used methods for investigating recruitment of sardine in
Namibian waters. Using these newly environmentally based
recruitment relationships, it is therefore possible to have an
estimate of that year’s recruitment in April. Measurements
of recruitment are obtained in November, following a hydro-
acoustic survey of the region (Boyer 2001), so these models
can be used in management recommendations.
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Appendix 1: The data used

Table App.1.1: Number of sardine-at-age in the Namibian stock from 1952 to 1987, estimated by VPA reproduced from le Clus et al. (1988)

Year 0 1 2 3 4 5 6 7 8
1952 20.0 15.7 8.9 6.2 3.6 1.9 1.3 0.8 1.7
1953 15.9 121 9.5 5.3 3.4 2.0 1.0 0.7 1.1
1954 18.4 9.7 7.4 5.7 2.8 1.8 1.1 0.5 0.8
1955 225 11.2 5.9 4.4 3.0 1.4 1.0 0.6 0.6
1956 23.1 13.6 6.8 3.5 23 1.5 0.7 0.5 0.6
1957 253 14.0 8.2 4.0 1.9 1.1 0.7 0.3 0.5
1958 2717 15.4 8.5 4.8 21 0.9 0.6 0.4 0.4
1959 32.9 16.8 9.3 4.9 25 1.1 0.5 0.3 0.4
1960 41.0 19.9 10.2 5.5 24 1.3 0.6 0.2 0.3
1961 42.2 24.9 121 6.0 2.8 1.2 0.7 0.3 0.2
1962 53.8 25.6 151 71 2.9 1.4 0.6 0.3 0.2
1963 64.2 32.6 15.5 8.8 3.5 1.5 0.7 0.3 0.2
1964 40.0 39.0 19.7 8.6 4.3 1.7 0.8 0.3 0.3
1965 22.8 24.3 23.6 11.4 4.5 1.7 0.7 0.3 0.3
1966 16.8 13.9 14.7 13.9 6.1 1.8 0.6 0.2 0.2
1967 11.5 10.2 8.4 8.5 7.5 2.6 0.6 0.2 0.1
1968 10.0 7.0 6.1 4.5 3.9 3.2 1.0 0.1 0.1
1969 8.3 6.0 3.2 1.9 1.2 1.5 0.8 0.4 0
1970 9.1 5.0 3.1 0.5 0.2 0.1 0.1 0.1 0
1971 124 5.4 2.1 0.7 0 0 0 0 0
1972 19.6 6.0 2.7 0.7 0.2 0 0 0 0
1973 13.6 10.4 3.3 0.7 0.2 0 0 0 0
1974 10.3 7.6 5.3 1.2 0.1 0.1 0 0 0
1975 4.1 4.6 4.4 1.7 0.1 0 0 0 0
1976 1.4 1.5 24 1.3 0.3 0 0 0 0
1977 1.4 0.8 0.6 0.4 0.1 0 0 0 0
1978 0.4 0.3 0.3 0.1 0 0 0 0 0
1979 0.3 0.1 0.1 0.1 0 0 0 0 0
1980 1.5 0.1 0 0 0 0 0 0 0
1981 2.5 0.7 0 0 0 0 0 0 0
1982 0.6 1.0 0.2 0 0 0 0 0 0
1983 0.8 0.3 0.4 0 0 0 0 0 0
1984 24 0.2 0.2 0.1 0 0 0 0 0
1985 1.0 1.0 0.1 0 0 0 0 0 0
1986 1.3 0.5 0.3 0 0 0 0 0 0
1987 2.3 0.7 0.2 0 0 0 0 0 0
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Appendix 2: Correlations between environmental indices and recruitment

Table App.2.1: Correlations between recruitment (Nyest), sea surface temperature (SST), Angola—Benguela front (fro), upwelling index
(upwel), wind and spawner numbers (N,,). Correlations in bold are significant (o = 5%). These correlations were done on the full dataset

SST Nyest Upwel Fro N+
r p r p r p r p r p
Wind -0.47 0.068 0.11 0.695 -0.10 0.726 0.26 0.340 -0.09 0.747
SST -0.20 0.450 -0.03 0.900 -0.71 0.002 -0.37 0.158
Njest 0.75 0.001 0.64 0.007 -0.14 0.611
Upwel 0.60 0.015 -0.18 0.504
Fro 0.11 0.682

Table App.2.2: Correlations between recruitment (Nyest), sea surface temperature (SST), Angola—Benguela front (fro), upwelling index
(upwel), wind and spawner numbers (N,,). Correlations in bold are significant (« = 5%). These correlations were obtained for the dataset that

excluded data for 1996, 1997 and 2000

SST Njest Upwel Fro Na.
r p r p r p r p r p
Wind -0.33 0.271 0.53 0.063 0.02 0.948 0.13 0.680 0.08 0.793
SST —-0.78 0.002 -0.21 0.494 —-0.82 0.001 -0.49 0.089
Nyest 0.24 0.043 0.67 0.011 0.62 0.022
Upwel 0.48 0.101 0.23 0.444
Fro 0.55 0.054

Table App.2.3: Autocorrelation for recruitment (Nyest), sea surface temperature (SST), Angola—Benguela front (fro), upwelling index (upwel),
wind and spawner numbers (N,,). These autocorrelations for the datasets include all data (acf = autocorrelation function; pacf = partial
autocorrelation function)

Lag Wind SST Nyest Upwel Fro Na.

acf pacf acf pacf acf pacf acf pacf acf pacf acf pacf
0 1 1 1 1 1 1 1 1 1 1 1 1
1 0.52 0.52 0.13 0.13 -0.06 —-0.06 -0.30 -0.30 -0.02 -0.02 0.38 0.38
2 0.00 -0.36 -0.31 -0.33 -0.14 -0.15 0.12 0.03 -0.28 -0.28 -0.13 -0.32
3 -0.26 -0.11 -0.36 -0.30 -0.37 -0.40 -0.07 -0.02 -0.31 -0.35 -0.46 -0.36
4 -0.50 -0.44 -0.22 -0.29 -0.06 -0.19 -0.30 -0.36 -0.24 —-0.46 -0.19 0.15

Table App.2.4: Multiple r? and p-values for the different models. These models include all the data. Recruitment is related to the upwelling

and Angola—Benguela front index

Model Multiple r Multiple r? Adjusted r? df residual F p

Nyest = u+ n x upwel + ¢ 0.75 0.56 0.53 14 17.71 0.001
Nyest = p+ a x fro(y) + ¢ 0.64 0.42 0.37 14 9.97 0.007
Nyest = p+ a x fro(y) + n x upwel + ¢ 0.79 0.62 0.56 13 10.61 0.002
Ngest = u+ o x fro(y) + n x upwel + v x (fro x upwel) + & 0.86 0.73 0.67 12 11.00 0.001

Table App.2.5: Multiple r?2 and p-values for the different models. The models exclude data for 1996, 1997 and 2000. Recruitment is related to

sea surface temperature (SST), wind and spawner numbers

Model

Multiple r  Multiple r?  Adjusted r?  df residual F p
Ngest = p+ n x wind(y) + ¢ 0.53 0.28 0.21 11 426 0.063
Nyest =+ ax SST(y) + ¢ 0.78 0.60 0.56 11 16.55 0.002
Npest=p+ Bx N, (y)+ e 0.62 0.39 0.34 11 7.05 0.022
Ngest = p+ a x SST(y) + n x wind(y) + ¢ 0.83 0.68 0.62 10 10.83 0.003
Nyest = i+ B x Ny (y) + a x SST(y) + n x wind(y) + ¢ 0.88 0.78 0.71 9 10.68 0.003
Nyest = p+ a x SST(y) + n x wind(y) + v x (SST x wind) + & 0.91 0.83 0.77 9 14.40 0.001
Ngest = p+ B x N, (y) + a x SST(y) + n x wind(y) + v x (SST x wind) + ¢ 0.95 0.90 0.85 8 17.62 0.000
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