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Figure 2: Photograph of whole otoliths of Petrus rupestris from a juvenile (190 mm FL) estimated as 1 year old (top; PeRu-14), and an
adult (1 246 mm FL) initially estimated to be 27 years old (bottom; PeRu-12) by Smale and Punt (1991). The juvenile otolith was used as a
template for developing the micromilling extraction design; the core of the adult otolith pictured here was extracted using the template, with
guidance on properly centering the pattern provided by the clearly visible nuclear region

transmitted light. For reasons discussed below, evidence
from the reassessment of age reading and the “C findings
from two yoy reference otoliths led to an analysis of regional
oceanography and the potential effects of upwelling on the
Agulhas Bank, where seasonal temperature and salinity
were used as proxies for '“C-depleted waters (Chang
2009). The potential offset to the bomb '*C signal on the
Agulhas Bank was approximated using Loess curve fitting
to the revised birth years derived from the modified growth-
zone counting criteria.

Age-at-length estimates using the revised growth-zone
counting criteria were fitted with a standard 3-parameter
von Bertalanffy growth function (VBGF) using SigmaPlot
11.2. These data were plotted with the original age
estimates and growth function to contrast the previously
described growth characteristics (Smale and Punt 1991). In
addition, the information from the fortuitous collection of a
tagged and recaptured adult red steenbras was considered
relative to the revised life-history information.

Results
Radiocarbon measurements were made for all 17 red

steenbras specimens selected for the study (Table 1).
Original age estimates from Smale and Punt (1991)

inferred birth years that could have ranged from 1958 to
1984 from fish aged 1 to 27 years (samples PeRu-01 to
PeRu-15). Additional samples that had not been aged
previously (i.e. PeRu-16 to PeRu-20) were added to further
assess observed offsets in “C values relative to the coral
14C reference record, which is discussed later. This set
included a recently collected fish from late 2014 (PeRu-20).
Fish length covered a wide range (190-1 246 mm FL), but
did not reach the maximum reported size for the species
(2 m FL, IGFA World Records Database [http://wrec.igfa.
org]), and otolith mass ranged from about 0.02 to 0.90 g
for the youngest to oldest fish (Table 1). The measured '“C
values from the specimen series ranged from pre-bomb
levels to values lower than expected for the bomb “C peak
and decline periods (Figure 3).

No birth year from the original age reading aligned
with the Watamu Reef coral '“C reference (Figure 3).
Reassessed ages were determined by counting a finer
growth-zone structure that was well-defined and illustrated
by the cross-section of specimen PeRu-05 (Figure 4), which
led to an increase by 4 to 30 years for all specimens, except
the two yoy specimens (Table 1; Supplementary Figure
S1). Despite the increase to the previously estimated ages,
no growth-zone counting could be developed that led to
birth years that aligned with the rise period of the Watamu
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Figure 3: Plot of the '“C results from red steenbras Petrus rupestris otoliths with regional coral bomb '*C reference records. The most
applicable “C reference for the waters of the Agulhas Current was from the Watamu Reef coral (Grumet et al. 2002); note that even coral
records in tropical waters of the Gulf of Mexico were in unison for the "C rise period (Andrews et al. 2013a). The birth year was determined
for each fish from the estimated ages in both the original study by Smale and Punt (1991) and the revised age-reading criteria presented in
the current study. The original age estimates indicate that age was underestimated based on misalignment with the coral records, but while
a follow-up reassessment of the age-reading pattern increased the age estimates, the offset in the bomb '“C rise remained. This offset is
roughly plotted as a Loess curve (spline interpolation smoothing parameter = 0.6, two-parameter polynomial) to show the central tendency
of the attenuated and phase-lagged '“C signal. Original ages tended to produce an accumulation of data points near the "C rise, similar to
what was observed for speckled hind Epinephelus drummondhayi in the Gulf of Mexico (Andrews et al. 2013a). The revised age reading,
however, led to birth years that extend well into the pre-bomb period, similar to what was determined for yellowedge grouper Epinephelus

flavolimbatus using well-defined counting criteria (Cook et al. 2009)

Reef coral '“C reference (Figure 3). The oldest fish was
estimated to be 55 years of age and fortuitously provided
the most well-defined otolith in terms of age reading—a
‘Rosetta Stone’ otolith that assisted with defining the
age-reading criteria in sections that were not as easy to
interpret (Figure 4). Two fish could not be reliably aged
using the revised growth-zone counting and were instead
aged using the relation of otolith mass to age, as follows:
age = 55.27(otolith mass) — 2.049, r? = 0.928 (Table 1;
Supplementary Figure S2).

Due to a lack of an age-reading criterion that would
explain the misalignment, and suspecting an oceanographic
reason for the observed offset (e.g. Horn et al. 2012;
Grammer et al. 2015; Campana et al. 2016), the bomb
4C signal through time exhibited by the otolith cores was
described in general with a Loess curve. The resulting
offset was ~4 years at the “C rise, to ~10 years near
what appears to be a broad peak period (Figure 3). The
reference yoy samples provided an indication that the

regional #C signal for red steenbras otoliths as a juvenile
was attentuated relative to the tropical signal recorded in
the Watamu Reef coral “C record, and especially the
most contemporaneous “C records of tropical seas in the
Northern Hemisphere, such as the Gulf of Mexico (Figure
3). The otolith core C measurement from the most
recently collected adult red steenbras (PeRu-20 from late
2014)—aged using the revised age-reading criteria—had
a corresponding birth year that was consistent with the
attenuated pattern and probably represents a point in the
4C decline period for the Agulhas Bank (Figure 3).

An investigation of the oceanographic characteristics of
the Agulhas Bank, the region to which red steenbras settle
as juveniles, revealed seasonal conditions that can account
for the phase-lagged and attenuated bomb ™C signal.
Deeper waters are upwelled by the shoaling of the Agulhas
Current along the eastern Agulhas Bank edge, which are
then advected across the bank in a regular seasonal cycle
(Figure 5). The actual '“C levels through time are not known
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Figure 4: Photographs of a transverse cross-section of a sagittal otolith from a red steenbras Petrus rupestris that was aged to 55 years
(sample PeRu-05). The fine growth-zone pattern was well-defined in this otolith section and exemplifies the revised age-reading pattern used
to age the other fish in this study. The top panel shows how the annual pattern can be obscured by opaque regions that show little or no
evidence of growth-zone structure. The lower panel is a more magnified view of the same cross-section that was used as the ‘Rosetta Stone’

in the age reading of all otolith sections

for the region of interest (corresponding to the origin of the
juvenile otolith formation). Hence, temperature and salinity
(Chang 2009) were used as a proxy for '“C levels because
cooler and lower-salinity waters that are advected to the
surface are typically *C-depleted relative to the mixed layer
(Burling and Garner 1959; Druffel 1981; Robinson 1981).
A comparison with other “C records from off South Africa
and other parts of the Indian Ocean provided a basis for
understanding the observed variability (Figure 6).

The revised ages were used to redefine the age-and-
growth characteristics of red steenbras by fitting a
3-parameter VBGF to the age-at-length data (Figure 7). Early
growth was similar to the original description by Smale and
Punt (1991) but ages increase by a few years. The increase
in age for the largest fish by up to 30 years, for a maximum
age of 55 years, coupled with the minor increases in age
for smaller fish, led to changes in the growth parameters:
asymptotic length decreased (Lo = 1 236 vs 1 383), the
growth coefficient decreased (k = 0.072 vs 0.075), and age

at length-0 decreased (t, = -1.44 vs -0.25). Estimated mean
age at maturity (A;,) was not different from that reported
by Smale and Punt (1991) and was near 7-8 years from a
mean length of 575 mm FL.

Furthermore, the recent recovery of a tagged and recaptured
adult red steenbras provided growth information that was
consistent with the revised estimates (Table 2). Assuming the
age at initial capture can be determined from the length-to-
age relationship as ~12 years at 750 mm FL, the additional
growth acquired to the time of recapture 22 years later was
consistent with the predicted growth trajectory (Figure 7).

Discussion

A well-defined growth-zone structure that was supported
by observations of *C in adult otolith cores has provided
strong evidence for longevity exceeding 50 years for red
steenbras. Original age reading focused on a lumping
of zones visible in transverse otolith sections, which led
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Figure 5: Seasonal changes in water temperature and salinity function as oceanographic proxies for the advection of “C-depleted waters to
the nursery grounds of red steenbras on the Agulhas Bank (Chang 2009). Dashed lines show 50-m, 100-m and 200-m isobaths. Considering
a combination of the temperature (a) and salinity (b) for 10-m and 50-m depth strata provided for each season relative to known habitat
of juvenile red steenbras on the Agulhas Bank (nearshore <50 m), there is a clear indication that environmental waters would provide a
mix of surface and deepwater sources (upwelled), leading to the attenuated and phase-lagged bomb '“C signal observed in the otoliths of

this species. Note that a water mass of lower temperature and salinity

washes over the Agulhas Bank at these shallow depths from spring

(September—November) through autumn (March—May) and fades in winter (June—August); recruitment and earliest growth of the otolith

begins in spring

to underestimated age—although the approach is still
common practice where finer increments are not quanti-
fied in the absence of validation (e.g. Andrews et al.
2013a). A reassessment of the otolith growth zones in red
steenbras revealed a finer increment structure (exempli-
fied by the ‘Rosetta Stone’ otolith section from sample
PeRu-05; Figure 4) that could be consistently quanti-
fied, and this led to ages that were up to 30 years greater
than the original estimates (Table 1). These circum-
stances are similar to what was described for speckled hind
Epinephelus drummondhayi, a large-bodied grouper in the
Gulf of Mexico, where its longevity was originally estimated
to be near 30 years, but the age reading of clearly visible
growth-zone structure was later discovered to be inaccurate
(see Figure 1 of Andrews et al. 2013a). While age valida-
tion of speckled hind was well founded because of close
alignment of the measured '“C levels in juvenile and adult
otoliths relative to regional coral '“C reference records, this
was not the case for red steenbras on the Agulhas Bank
off South Africa. Neither age-reading scenario provided
birth years that were in alignment with the coral "“C
reference at Watamu Reef, Kenya (Figure 3); however, a
well-defined growth-zone structure (Figure 4) and consid-
erations for regional oceanography (Figure 5) provided
both an explanation for the observed offset in time and

strong support for the revised age reading, with ages up to
55 years. In conjunction with these findings, the fortuitous
recovery of a tagged red steenbras that was at liberty for
22 years and gained 370 mm of length provided a growth
trajectory that was consistent with the revised growth
characteristics (Table 2; Figure 7).

Red steenbras recruit to the nearshore environment
(<50 m deep) of the Agulhas Bank off the southern and
southeastern coasts of South Africa, where oceanography
plays a strong seasonal role in the life history of fishes
(Hutchings 1994). This species is known to migrate to deeper
waters and farther northeast on the Eastern Cape coast as
size and age increase (Smale 1988; Brouwer 2002; Griffiths
and Wilke 2002). Because the origin of juvenile fish is the
waters of the Agulhas Bank, even adults collected farther
to the northeast will have conserved the marine chemistry
signature of the recruitment region in the otolith core. Hence,
the “C levels recorded in the earliest growth of the otolith will
reflect a bomb '“C signal that can be compared to regional
reference records—given they exist or can be deduced
from other information. Similar circumstances have been
documented with other fishes validated with bomb “C dating,
where the formation of birth-year otolith material was clearly
attributed to recruitment waters. A good example involves
the surface waters or mixed ocean layer of temperate



Andrews, Smale, Cowley and Chang

AYC (%)
g
|
[

Gulf of Mexico
= \Natamu Reef

Sumatra

Revised age
Reference (Juvenile)
Nydal et al. (1984)
Southon et al. (2002)

o
X
a
<

1930 1940 1950 1960 1970

| | | | | | | |
rrrrrrrrr|frrrrrrrrrprrrrrrrrr[frrrrrrrrr[rr1rrrr1r1 1| rrrrrrrrr [T T T T rTT T T T[T TT T T T T T T [ TTTTTTTTT

1980 1990 2000 2010 2020

YEAR OF FORMATION

Figure 6: Examples of other regional and Indian Ocean "C records, indicating some variability that can be attributed to differences in
oceanography. The coral record from Mentawai, Sumatra (Grumet et al. 2004), is initially lagged later than the Watamu Reef coral record by
3—-4 years, but rapidly conforms during the '“C peak and decline periods. Surface-water measurements made in the late 1970s show how
offshore waters near South Africa are more representative of tropical seas or oceanic gyres with more elevated "“C levels (Nydal et al. 1984).
Most significant is that '“C values for known-age red steenbras collected from the nearshore waters of the Agulhas Bank are much lower
than both coral and water records from similar times, thus providing a strong indication that the otoliths formed for juvenile red steenbras
are from an area affected by '“C-depleted waters. Shell measurements from Mauritius and South Africa also provide insight on regional and
oceanic variability (Southon et al. 2002). Hence, it is likely that the phase-lagged and attenuated '“C record traced by the otolith cores of
adult red steenbras represents the late and attenuated arrival of the bomb '“C signal to the shelf waters of the Agulhas Bank

regions where, even though adult specimens were captured
from great depths, the earliest otolith growth reflected the
surface '“C signal, such as reported for rockfishes (family
Sebastidae) of the northeastern Pacific Ocean (Kerr et al.
2004; Piner et al. 2005; Andrews et al. 2007; Kastelle et al.
2008).

In the case of red steenbras, the origin of juvenile otolith
formation is known to be in an area with clearly defined
seasonal changes in oceanography. At the time of recruit-
ment, likely during austral spring and shortly after spawning
(Smale 1988), the habitat is characterised by an upwelling
period that persists for more than half the year. These
habitat waters are thus sourced from below the mixed

layer, as determined through temperature and salinity
profiles and modelling (Schumann and Beekman 1984;
Swart and Largier 1987; Chang 2009). As the bomb "“C
signal of the Indian Ocean is transported southward along
the east coast of southern Africa by the Agulhas Current,
boundary interactions with the eastern edge of the Agulhas
Bank lead to upwelling and mixing of deeper waters onto
the Agulhas Bank. This complex interaction supplies water
sourced from different depths (tropical surface water and
deeper waters of the Indian Ocean) onto the Agulhas
Bank. If there were a continuous '“C record available for
this environment, it is probable that there would not only
be drastic seasonal swings in *C, as has been observed
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Figure 7: Length-at-age for red steenbras Petrus rupestris that were used in this study to estimate and validate age. Original age estimates
(Smale and Punt 1991) and the revised age estimates from the current study are plotted to contrast the differences in growth-zone counting
in otolith cross sections. The von Bertalanffy growth function originally calculated by Smale and Punt (1991) is shown to extend to the
greatest age estimate of 33 years (dashed line), although that particular specimen was not available for this study. The revised growth
function extends to the greatest age determined in the current study (55 years) from a well-defined otolith thin section (Figure 3). The revised
von Bertalanffy growth function: Leo = 1 236 mm FL, k = 0.072, {; = —1.44 (solid line). Data for the tagged and recaptured fish that was at
liberty for 22 years (Table 2) are plotted for comparison and reveal a growth pattern that is consistent with the revised estimates. Mean
age-at-maturity (A5,) was similar to the previous estimate, at 7-8 years of age

Table 2: Tag-recapture data for the only long-term observation (>20 years) of a tagged red steenbras Petrus
rupestris; minimum distance travelled was 532 km along the South African coast

) . Capture Length Fish Age
Location Coordinates dZte (mmgFL) mass (kg) (yegrs)
Tsitsikamma National Park S 33.981° 12 Nov 1989 750 8.3 11.6*

E 23.624°
Kei River mouth (10 km offshore) S 32.764° 27 Dec 2011 1120 26.2 33.2
E 28.407°

*Age estimated from length-to-age relationship established from the revised growth curve.

for the upwelled marine environment of coastal California
(Robinson 1981; Andrews et al. 2013b), but also a consist-
ently attenuated signal on average annually. It follows that
the deeper waters advected to the 10 to 50 m isobaths
of the nearshore regions of the Agulhas Bank (Figure 5)
correlate seasonally with the time and location of red
steenbras recruitment. Hence, a phase-lagged and attenu-
ated bomb “C signal would be expected for any carbonate
formed in the region, and this is effectively traced by the
otolith cores of adult red steenbras in this study (Figures 3
and 6). Analogous circumstances have been observed in
the otoliths of fishes with deeper-dwelling life histories, in
that a mixed or delayed bomb '“C signal was expected for

waters below the thermocline (Horn et al. 2012; Grammer
et al. 2015; Campana et al. 2016).

Use of salinity and temperature as a proxy for "“C
correlates well with the time of recruitment and the first
year of growth for red steenbras. The nearshore waters
of the eastern Agulhas Bank are characterised by cooler
waters with lower salinity that dominate the habitat between
10-50 m from austral spring through autumn (Figure 5).
The influence of upwelled waters to explain an offset in the
red steenbras bomb 'C signal is similar to observations of
seawater and coral (e.g. Druffel 1981, 1996). In addition,
the measured “C values from waters offshore, taken in the
late 1970s, provide an indication of what would be expected
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if nearshore waters of the Agulhas Bank were more tropical.
Salinity along the Agulhas Bank coast is rarely near 35.5
and usually below 35.4 at 10-50 m (Figure 5). Hence, it is
applicable to note that Nydal et al. (1984) reported elevated
“C levels off the Agulhas Bank in the Agulhas Current
(Stations 36 and 42) where salinity was 35.4-35.5 at the
surface (no depth profiles were taken at these stations).
The associated surface '“C measurements were more in
agreement with coral records, unlike the juvenile reference
otoliths of red steenbras from the early 1980s that were
4C-depleted by ~20-40%. relative to the coral records
(Figure 3). Shell and other coral measurements also
indicate there are other scenarios for the waters off South
Africa and across the Indian Ocean: a measured shell
value from South Africa in 1945 was depleted by ~10—20%o,
and records from Mauritius and Sumatra (Indonesia) were
phase-lagged late by 3-4 years (Southon et al. 2002;
Grumet et al. 2004, 2005) (Figure 6). Hence, it follows that
the *C measurements for birth years associated with the
revised age estimates may reveal a well-founded timeline
for bomb “C on the Agulhas Bank.

The age and growth characteristics of red steenbras
described here are consistent with the observations of
a long-term fishery collapse and unsustainable fishing
practices (Beamish et al. 2006; Cailliet and Andrews 2008).
While the original concern about recruitment to the fishery at
immature size classes (Smale 1988; Smale and Punt 1991)
still applies and is a major factor in the Endangered status of
this species (Mann et al. 2014), the finding that red steenbras
longevity was previously underestimated might influence
understanding of its long-term vulnerability. This is particu-
larly significant when noting that large adults were previously
targeted commercially at their offshore spawning aggrega-
tion sites (Smale 1988; Griffiths 2000). When considering
the growth characteristics described here, it is important to
note that most specimens have been significantly smaller
than the maximum reported size of 2 m total length (TL) for
this species (Heemstra and Heemstra 2004); however, it is
likely this reported maximum size is due to either a calcula-
tion rounding error or exaggerations of reported length.
The maximum weight ever recorded was 70 kg (Smith
and Heemstra 1991) and the South African angling record
is 56.6 kg (IGFA World Records Database [http://wrec.
igfa.org]), from which the 70-kg fish equates to 1 528 mm
FL (1 673 mm TL)—possibly the source of a rounding error
to 2 m TL—and the 56.6-kg fish equates to 1 423 mm FL
based on a weight-to-length relationship (Smale 1988).
These lengths are more likely to represent the maximum size
of red steenbras. The fish aged to 55 years in the current
study was 1 105 mm FL and was originally aged to 27 years
old (Figure 7). The largest fish in this study was 1 246 mm
FL and was reassessed to be 44 years old, as opposed to
27 years old. Hence, despite the low sample size, the growth
trajectory described here is realistic as it begins to approach
an asymptotic length of 1 246 mm FL in 15-20 years, after
reaching maturity in 7-8 years (Figure 7), and should be
considered the most reliable information on the life history of
red steenbras to date.
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Figure S1. Plot of the difference in age reading from the original age estimates made by
Smale and Punt (1991). The revised age reading pattern (Fig. 4) led to ages that were

up to 30 years greater.
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Figure S2. Plot of otolith mass versus estimated age to predict age where age reading
was not well enough defined to make a final determination. A linear relationship was

used to age two of the 17 fish in this study for which age reading was not reliable.
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