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transmitted light. For reasons discussed below, evidence 
from the reassessment of age reading and the 14C 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 14C-depleted waters (Chang 
2009). The potential offset to the bomb 14C 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 14C 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 14C 
values from the specimen series ranged from pre-bomb 
levels to values lower than expected for the bomb 14C peak 
and decline periods (Figure 3).

No birth year from the original age reading aligned 
with the Watamu Reef coral 14C 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 

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
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Reef coral 14C 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 2 = 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 
14C signal through time exhibited by the otolith cores was 
described in general with a Loess curve. The resulting 
offset was ~4 years at the 14C 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 14C signal for red steenbras otoliths as a juvenile 
was attentuated relative to the tropical signal recorded in 
the Watamu Reef coral 14C record, and especially the 
most contemporaneous 14C records of tropical seas in the 
Northern Hemisphere, such as the Gulf of Mexico (Figure 
3). The otolith core 14C 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 
14C 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 14C 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 14C levels through time are not known 

Figure 3: Plot of the 14C results from red steenbras Petrus rupestris otoliths with regional coral bomb 14C reference records. The most 
applicable 14C 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 14C 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 14C 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 14C signal. Original ages tended to produce an accumulation of data points near the 14C 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)
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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 14C levels because 
cooler and lower-salinity waters that are advected to the 
surface are typically 14C-depleted relative to the mixed layer 
(Burling and Garner 1959; Druffel 1981; Robinson 1981). 
A comparison with other 14C 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 (L∞ = 1 236 vs 1 383), the
growth coefficient decreased (k = 0.072 vs 0.075), and age

at length-0 decreased (t0 = −1.44 vs −0.25). Estimated mean 
age at maturity (A50) 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 14C 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 

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 
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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 14C levels in juvenile and adult 
otoliths relative to regional coral 14C 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 14C 
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 14C levels recorded in the earliest growth of the otolith will 
reflect a bomb 14C 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 14C 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 

Figure 5: Seasonal changes in water temperature and salinity function as oceanographic proxies for the advection of 14C-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 14C 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 
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regions where, even though adult specimens were captured 
from great depths, the earliest otolith growth reflected the 
surface 14C 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 14C 
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 14C record available for 
this environment, it is probable that there would not only 
be drastic seasonal swings in 14C, as has been observed 
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Figure 6: Examples of other regional and Indian Ocean 14C 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 14C 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 14C levels (Nydal et al. 1984). 
Most significant is that 14C 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 14C-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 14C record traced by the otolith cores of 
adult red steenbras represents the late and attenuated arrival of the bomb 14C signal to the shelf waters of the Agulhas Bank
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Location Coordinates Capture 
date

Length
(mm FL)

Fish 
mass (kg)

Age
(years)

Tsitsikamma National Park S 33.981°
E 23.624°

12 Nov 1989 750 8.3 11.6*

Kei River mouth (10 km offshore) S 32.764°
E 28.407°

27 Dec 2011 1 120 26.2 33.2

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

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

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 14C 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 14C 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 14C 
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 14C signal is similar to observations of 
seawater and coral (e.g. Druffel 1981, 1996). In addition, 
the measured 14C values from waters offshore, taken in the 
late 1970s, provide an indication of what would be expected 

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: L∞ = 1 236 mm FL, k = 0.072, t0 = −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 (A50) was similar to the previous estimate, at 7–8 years of age
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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 
14C 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 14C measurements were more in 
agreement with coral records, unlike the juvenile reference 
otoliths of red steenbras from the early 1980s that were 
14C-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‰, 
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 14C measurements for birth years associated with the 
revised age estimates may reveal a well-founded timeline 
for bomb 14C 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.

Acknowledgements — The assistance of fishers, both past 
and present, who allowed researchers access to their catches 

is gratefully acknowledged. Thanks to Bruce Mann of the 
Oceanographic Research Institute’s Cooperative Fish Tagging 
Project (ORI-CFTP) for providing the data on the recaptured 
specimen. Thanks to Robert Humphreys for support in this 
important international collaboration. Thanks to Laura Goetz 
at the Panama City Laboratory of Southeast Fisheries Science 
Center (NOAA Fisheries) for sectioning the otoliths used for the 
core-extraction assays, and to two anonymous reviewers. The 
scientific results and conclusions, as well as any views or opinions 
expressed herein, are those of the authors and do not necessarily 
reflect the views of NOAA or the US Department of Commerce.

ORCID

Allen H Andrews  https://orcid.org/0000-0002-9001-8305
Paul Cowley  https://orcid.org/0000-0003-1246-4390

References

Andrews AH, Kerr LA, Cailliet GM, Brown TA, Lunstrom CC, 
Stanley RD. 2007. Age validation of canary rockfish (Sebastes 
pinniger) using two independent otolith techniques: lead-radium 
and bomb radiocarbon dating. Marine and Freshwater Research 
58: 531–541.

Andrews AH, Kalish KM, Newman SJ, Johnston JM. 2011. Bomb 
radiocarbon dating of three important reef-fish species using 
Indo-Pacific ∆14C chronologies. Marine and Freshwater Research 
62: 1259–1269. 

Andrews AH, Barnett BK, Allman RJ, Moyer RP, Trowbridge 
HD. 2013a. Great longevity of speckled hind (Epinephelus 
drummondhayi), a deep-water grouper, with novel use of post-bomb 
radiocarbon dating in the Gulf of Mexico. Canadian Journal of 
Fisheries and Aquatic Science 70: 1131–1140. 

Andrews AH, Leaf RT, Rogers-Bennett L, Neuman M, Hawk H, 
Cailliet GM. 2013b. Bomb radiocarbon dating of the endangered 
white abalone (Haliotis sorenseni): investigations of age, growth 
and lifespan. Marine and Freshwater Research 64: 1029–1039.

Andrews AH, Choat JH, Hamilton RJ, DeMartini EE. 2015. Refined 
bomb radiocarbon dating of two iconic fishes of the Great Barrier 
Reef. Marine and Freshwater Research 66: 305–316.

Beamish RJ, McFarlane GA, Benson A. 2006. Longevity 
overfishing. Progress in Oceanography 68: 289–302.

Broecker WS, Peng T-H. 1982. Tracers in the sea. Palisades, New 
York: Eldigio Press. 

Brouwer SL. 2002. Movement patterns of red steenbras Petrus 
rupestris tagged and released in the Tsitsikamma National 
Park, South Africa. South African Journal of Marine Science 24: 
375–378. 

Burling RW, Garner DM. 1959. A section of 14C activities of seawater 
between 9° S and 66° S in the southwest Pacific Ocean. New 
Zealand Journal of Geology and Geophysics 2: 799–824.

Cailliet GM, Andrews AH. 2008. Age-validated longevity of fishes: 
its importance for sustainable fisheries. In: Tsukamoto K, 
Kawamura T, Takeuchi T, Beard TD, Kaiser MJ (eds), Fisheries 
for global welfare and environment: memorial book for 5th World 
Fisheries Congress 2008. Tokyo, Japan: TerraPub. pp 103–120.

Campana SE. 1997. Chemistry and composition of fish otoliths: 
pathways, mechanisms and applications. Marine Ecological 
Progress Series 188: 263–297.

Campana SE, Valentin AE, MacLellan SE, Groot JB. 2016. 
Image-enhanced burnt otoliths, bomb radiocarbon and the growth 
dynamics of redfish (Sebastes mentella and S. fasciatus) off the 
eastern coast of Canada. Marine and Freshwater Research 67: 
925–936.

Chang N. 2009. Numerical ocean model study of the Agulhas Bank 
and Cool Ridge. PhD thesis, University of Cape Town, South Africa.

http://www.orcid.org
http://www.orcid.org


African Journal of Marine Science 2018, 40(4): 11

Cook M, Fitzhugh GR, Franks JS. 2009. Validation of yellowedge 
grouper, Epinephelus flavolimbatus, age using nuclear 
bomb-produced radiocarbon. Environmental Biology of Fishes 
86: 461–472.

Coplen TB. 1996. New guidelines for reporting stable hydrogen, 
carbon, and oxygen isotope-ratio data. Geochimica et 
Cosmochimica Acta 60: 3359–3360. 

Druffel ERM. 1981. Radiocarbon in annual coral rings from the 
eastern tropical Pacific Ocean. Geophysical Research Letters 8: 
59–62.

Druffel ERM. 1996. Post-bomb radiocarbon records of surface 
corals from the tropical Atlantic Ocean. Radiocarbon 38: 
563–572.

Druffel ERM. 2002. Radiocarbon in corals: records of the carbon 
cycle, surface circulation and climate. Oceanography 15: 122–127.

Druffel ERM, Beaupré SR, Ziolkowski LA. 2016. Radiocarbon in 
the oceans. In: Schuur EAG, Druffel ERM, Trumbore SE (eds), 
Radiocarbon and climate change: mechanisms, applications and 
laboratory techniques. Switzerland: Springer. pp 139–166.

Gordon AL. 1986. Interocean exchange of thermocline water. 
Journal of Geophysical Research 91: 5037–5046. 

Grammer GL, Fallon SJ, Izzoa C, Wood R, Gillanders BM. 2015. 
Investigating bomb radiocarbon transport in the southern Pacific 
Ocean with otolith radiocarbon. Earth and Planetary Science 
Letters 424: 59–68. 

Griffiths MH. 2000. Long-term trends in catch and effort of commercial 
linefish off South Africa’s Cape Province: snapshots of the 20th 
century. South African Journal of Marine Science 22: 81–110.

Griffiths MH, Wilke CG. 2002. Long-term movement patterns of five 
temperate-reef fishes (Pisces: Sparidae): implications for marine 
reserves. Marine and Freshwater Research 53: 233–244.

Grumet NS, Guilderson TP, Dunbar RB. 2002. Meridional transport 
in the Indian Ocean traced by coral radiocarbon. Journal of 
Marine Research 60: 725–742.

Grumet NS, Abram NJ, Beck JW, Dunbar RB, Gagan MK, 
Guilderson TP et al. 2004. Coral radiocarbon records of Indian 
Ocean water mass mixing and wind-induced upwelling along the 
coast of Sumatra, Indonesia. Journal of Geophysical Research 
109: C05003. 

Grumet NS, Duffy PB, Wickett ME, Caldeira K, Dunbar RB. 2005. 
Intrabasin comparison of surface radiocarbon levels in the Indian 
Ocean between coral records and three-dimensional global 
ocean models. Global Biogeochemical Cycles 19: GB2010.

Heemstra P, Heemstra E. 2004. Coastal fishes of southern Africa. 
Grahamstown, South Africa: National Inquiry Services Centre 
and South African Institute for Aquatic Biodiversity.

Horn PL, Neil HL, Paul LJ, McMillan PJ. 2012. Age verification, growth 
and life history of rubyfish Plagiogeneion rubiginosum. New Zealand 
Journal of Marine and Freshwater Research 46: 353–368. 

Hutchings L. 1994. The Agulhas Bank: a synthesis of available 

information and a brief comparison with other east-coast shelf 
regions. South African Journal of Science 90: 179–185.

Kalish JM. 1993. Pre- and post-bomb radiocarbon in fish otoliths. 
Earth and Planetary Science Letters 114: 549–554. 

Kalish JM, Nydal R, Nedreaas KH, Burr GS, Eine GL. 2001. A time 
history of pre- and post-bomb radiocarbon in the Barents Sea derived 
from Arcto-Norwegian cod otoliths. Radiocarbon 43: 843–855.

Kastelle CR, Kimura DK, Goetz BJ. 2008. Bomb radiocarbon age 
validation of Pacific ocean perch (Sebastes alutus) using new 
statistical methods. Canadian Journal of Fisheries and Aquatic 
Sciences 65: 1011–1112.

Kerr LA, Andrews AH, Frantz BR, Coale KH, Brown TA, Cailleit GM. 
2004. Radiocarbon in otoliths of yelloweye rockfish (Sebastes 
ruberrimus): a reference time series for the coastal waters of 
southeast Alaska. Canadian Journal of Fisheries and Aquatic 
Sciences 61: 443–451. 

Mann BQ, Buxton CD, Pollard D, Carpenter KE, Winker H. 2014. 
Petrus rupestris. IUCN Red List of Threatened Species 2014: 
e.T170247A1300995.

Nydal R, Gulliksen S, Lövseth K, Skogseth FH. 1984. Bomb 14C in 
the ocean surface 1966–1981. Radiocarbon 26: 7–24.

Piner KR, Hamel OS, Henkel JL, Wallace JR, Hutchinson CE. 
2005. Age validation of canary rockfish (Sebastes pinniger) 
from off the Oregon coast (USA) using the bomb radiocarbon 
method. Canadian Journal of Fisheries and Aquatic Sciences 62: 
1060–1066. 

Reimer PJ, Brown TA, Reimer RW. 2004. Discussion: reporting and 
calibration of post-bomb 14C data. Radiocarbon 46: 1299–1304.

Robinson SW. 1981. Natural and manmade radiocarbon as a tracer 
for coastal upwelling process. In: Richards FA (ed.), Coastal 
upwelling. Washington DC: American Geophysical Union. 
pp 298–302. 

Schumann EH, Beekman LJ. 1984. Ocean temperature structures 
on the Agulhas Bank. Transactions of the Royal Society of South 
Africa 45: 191–203. 

Smale MJ. 1988. Distribution and reproduction of the reef fish 
Petrus rupestris (Pisces: Sparidae) off the coast of South Africa. 
South African Journal of Zoology 23: 272–287.

Smale MJ, Punt AE. 1991. Age and growth of the red steenbras 
Petrus rupestris (Pisces: Sparidae) on the south-east coast of South 
Africa. South African Journal of Marine Science 10: 131–139.

Smith MM, Heemstra PC. 1991. Smiths’ sea fishes. Johannesburg, 
South Africa: Macmillan.

Southon JM, Kashgarian M, Fontugne M, Metivier B, Yim WW-S. 
2002. Marine reservoir corrections for the Indian Ocean and 
Southeast Asia. Radiocarbon 44: 167–180.

Swart VP, Largier JL. 1987. Thermal structure of Agulhas Bank 
water. In: Payne AIL, Gulland JA, Brink KH (eds), The Benguela 
and comparable ecosystems. South African Journal of Marine 
Science 5: 243–252.

Manuscript received May 2018 / revised July 2018 / accepted August 2018



1 

Supplemental Material – Fifty-five-year longevity for the largest member of family 

Sparidae: the endemic red steenbras Petrus rupestris from South Africa 

AH Andrews, MJ Smale, PD Cowley and N Chang 

African Journal of Marine Science 40(4) 

https://doi.org/10.2989/1814232X.2018.1520148 

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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