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AbStrAct

Age and growth of the dusky shark, Carcharhinus obscurus, in the western North Pacific Ocean was estimated based 
on 434 specimens (213 females and 256 males) collected between September 2002 and November 2003 at the Nanfanao fish 
market, in northeastern Taiwan. Sex-specific relationships between body weight (W) and total length (TL) were estimated as 
follows: W = 2.03 × 10-6TL3.216 (n = 209, p < 0.01) for females and W = 8.01 × 10-6TL2.957 (n = 294, p < 0.01)  for males. The 
relationship between TL and the vertebral centrum radius (R) for both sexes (“sexes-combined” data) was described using the 
following equation TL = 14.74 + 20.31R (n = 399, p < 0.01). Growth band pairs (including translucent and opaque bands) in 
precaudal vertebrae were determined to form once annually, based on centrum edge analysis and verified by statistical analy-
sis. The maximum number of growth band pairs was 29 for females and 24 for males. The Robertson growth function best fit 
the observed length-at-age data. Sex-specific growth equations were not significantly different; thus, the combined growth pa-
rameters for both sexes were estimated as: asymptotic length (L∞) = 369.4 cm TL, b = 0.912, growth coefficient (kR) = 0.126 yr-1  
(n = 385, p < 0.01). Age at maturity was estimated to be 16.6 yrs for females and 15.5 yrs for males.
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1. INtrODUctION

The dusky shark, Carcharhinus obscurus (Lesueur, 
1818), inhabits tropical and warm-temperate continental 
seas worldwide (Compagno 1984), including the waters of 
the continental shelf off the coast of northeastern Taiwan, 
where it is an important species for the local commercial 
shark fishery. According to catch statistics from the Nanfa-
nao fish market - the largest landing port for the shark fish-
ery in northeastern Taiwan - annual landings (whole weight) 
of this species fluctuated from 284 metric tons (MT) in  
1990 - 193 MT in 2008, with an annual mean of 210 MT, 
accounting for 11.5% of the total annual shark landings in 
this area (excluding the blue shark, which was not included 
in catch statistics prior to 2008).

Biological information about the dusky shark is ex-
tremely limited apart from descriptions of age and growth 
of populations in the western North Atlantic Ocean (Hoenig 
1979; Natanson et al. 1995, 2014), in the southwestern In-
dian Ocean (Natanson and Kohler 1996), and in Australian 
waters (Simpfendorfer 2000; Simpfendorfer et al. 2002). 
The latter study used the tag-recapture technique coupled 
with oxytetracycline (OTC) injection and Natanson et al. 
(2014) used bomb radiocarbon to validate the growth of 
dusky sharks. However, biological information regarding 
this species is still lacking in the western North Pacific, es-
pecially in Taiwanese waters.

As the demand for shark fin has increased in Asian 
countries, dusky sharks with median sized fins have become 
one of the major target species. This species is listed as vul-
nerable (VU) on the IUCN Red List of threatened species, 
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and its population is decreasing (IUCN 2014, http://www.
iucnredlist.org). A proposal to include dusky sharks in the 
CITES Appendix II was presented at the CITES CoP15 
meeting in 2010. Although this proposal was rejected the 
population status of this species is nonetheless of great con-
cern to scientists and environmental groups. Hence, stock 
assessments and improved management of this species are 
urgently needed, particularly for populations in the western 
North Pacific. The lack of life history information hinders the 
implementation of fishery management measures for dusky 
sharks in this region. The objective of this study is therefore 
to provide the first detailed information regarding the age and 
growth of dusky sharks in the western North Pacific Ocean.

2. MAtErIALS AND MEtHODS
2.1 Source of Data

Dusky sharks caught in the western North Pacific 
Ocean (Fig. 1) by Taiwanese coastal and offshore longline 
vessels were landed at the Nanfanao fish market in north-
eastern Taiwan. These sharks are caught primarily by small-
scale longline fishing vessels (< 50 tonnages), which oper-
ate on a 7 - 14 days per trip (Liu et al. 2001). All sharks were 
weighed before being auctioned and processed, enabling us 
to obtain accurate catch statistics (numbers) and individual 
body (whole) weights (W, in kg) from sales records. In to-
tal, 434 specimens collected at the Nanfanao fish market 
between September 2002 and November 2003 were used 
for age estimations (Table 1). Total length (TL, in cm), fork 
length (FL), and pre-caudal length (PCL) measurements 
were made following the protocol described by Branstetter 
and Stiles (1987). The sex of each specimen was also re-
corded. Pre-caudal vertebrae, the only vertebrae available 
from the fish market, were removed for purposes of age de-
termination. Linear regression was used for conversion be-
tween measurements to facilitate comparison with previous 
research that reported using measurements other than TL.

2.2 Age Determination

Intact vertebral columns from two specimens (a  
131-cm TL male and a 185-cm TL female) were used to 
compare variations in band pair patterns on the vertebral 
centra from different locations along the specimen verte-
bral column. The coefficient of variation (V) of the verte-
bral centrum diameter (D) was calculated for groups of ten 
consecutive vertebrae using the formula %V X

S 100#= , 
where S is the standard deviation of the diameters of ten 
consecutive vertebral centra and X  is the mean diameter 
of ten consecutive vertebral centra. The analysis revealed 
that the same band pair counts (3 and 7 for the male and 
the female, respectively) were found in both the precaudal 
vertebrae and vertebrae located elsewhere. In addition, the 
smallest coefficient of variation was found for vertebrae in 

the precaudal region and those below the first dorsal fin. 
Thus, precaudal vertebrae from 185 female and 249 male 
dusky sharks were used for age determination.

Vertebrae were rinsed in 10% KOH for 5 - 60 minutes 
to remove connective tissue, then rinsed with running wa-
ter for 24 hrs and air dried (Joung et al. 2004). After being 
soaked in ethyl alcohol and t-butyl alcohol, the vertebrae 
were embedded in paraffin to prevent shrinkage and defor-
mation. The vertebral centra were then cut into two pieces 
along the lateral plane using an Isomet low-speed saw (Bue-
hler, Lake Bluff, Illinois, US).

A Rigaku Industrial X-ray Apparatus was used to take 
radiographs of vertebral centra (Liu et al. 1998) under the 
condition of 0.5 mA and 32.5 - 42.5 KV for 3 - 4 minutes, 
depending on the size of the vertebral centra. Growth band 
pairs (defined as one translucent and one opaque band) were 
counted without prior knowledge of the size of the speci-
mens from which they came. The first band was assumed to 
be the birth mark (Fig. 2). All vertebrae were read twice by 
the same reader and counts were accepted only if both read-
ings were in agreement. Following the protocol from previ-
ous studies (Chen et al. 1990; Joung et al. 2004), counts that 
differed by two or more band pairs were rejected. If the esti-
mated number of band pairs differed by one, then the centra 
was recounted and the final count was accepted if it agreed 
with one of the previous counts. The radius of each centrum 
(R) was measured on a line from the focus through the cen-
ter of the intermedialia to the ultimate centrum margin.

2.3 Edge Analysis

Edge analysis (Cailliet and Goldman 2004) was used to 
determine the time of band formation using the monthly fre-
quency changes in band (translucent or opaque) on the mar-
gin of vertebral centra. The periodicity obtained from the 
edge analysis was further verified using a model (Okamura 
and Semba 2009) that combines binary data with a statisti-
cal model for circular data. The most probable periodicity 
of band pair formation (annual, biannual, and no cycle) was 
selected based on a corrected Akaike’s information criterion 
(AICc, Akaike 1973), along with AICc difference (ΔAICc) 
and AICc weight (wi) (Burnham and Anderson 2002).

2.4 tL-r relation

The relationship between TL and the centrum radius 
(R) was estimated using simple linear regression analysis. 
Because the parturition season of dusky sharks occurs in 
July in the western North Pacific Ocean (Chen 2004), the 
birth date for all specimens was set at July 1 in this study. 
The age of each specimen was estimated using the number 
of band pairs plus the time elapsed from the birth date to 
the day caught using the equation t n m

12
2

12= + + , where 
n is the number of band pairs and m is the time elapsed (in 
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months) between sampling date and September 1.

2.5 Growth Functions

Four growth functions were used to fit the observed 
length-at-age data. The length at birth (L0) was set at 101 cm 
TL, which was the average of the largest full term embryo 
(92 cm) and the smallest free-swimming individual (110 cm 
TL) observed (Chen 2004). The nonlinear (NLIN) proce-
dure of the statistical package SAS V. 9.0 (SAS Institute 
Inc. 2008, Cary, North Carolina, USA) was used to estimate 
the parameters of each function. The four growth functions 
used were as follows:
(1)  von Bertalanffy growth function (VBGF, Beverton 

1954): ][L L e1 ( )
t

k t t0= -3
- - , where Lt is the length at age 

t, L∞ is the asymptotic length, k is the growth coefficient, 
t is the age (year from birth), and t0 is the theoretical age 
at length 0.

(2)  Two-parameter VBGF (Fabens 1965): Lt = L∞ - (L∞ - L0)e-kt, 
where L0 is the length at birth.

(3)  Robertson (Logistic) growth function (Robertson 1923): 
L e

L
1 ( )t b k tR

= +
3

- , where b and kR represent the parameter 
to be estimated and the growth coefficient of the Robert-
son function, respectively.

(4)  Gompertz growth function (Gompertz 1825): L L et
e( )c k tG= 3

- -

, where kG is the growth coefficient of the Gompertz func-
tion and c is the parameter to be estimated.

The goodness of fit of the four growth functions was 
compared based on the corrected AICc, ΔAICc, and wi 
(Burnham and Anderson 2002). AICc was expressed as: 

n K 1AIC AICc = + - -
( )K K2 1+ , AIC = n × ln(MSE) + 2K (Akai-

ke 1973), where n is the total sample size, MSE is the mean 
square of residuals and K is the number of parameters es-
timated in the growth function. The ΔAICc in each model 
was calculated as the difference in AICc, i and the lowest 
observed AICc value (AICcmin). Models with ΔAICc values 
lower than 2 have good support, while those with values 
greater than 10 have no support. The wi is expressed as a 
percentage and is useful when there are only minor differ-
ences in AIC values among the growth functions (Burnham 
and Anderson 2002). The wi with higher values indicating a 
better fit can be expressed as follows:

 (1)

where m is the number of growth functions being analyzed. 
A maximum likelihood ratio test (Kimura 1980) was used to 
examine the difference in growth between the sexes.

The age at maturity was estimated by substituting the 
50% size at maturity estimate (Chen 2004) into the best 
growth function being selected. The relationship between W 
and TL was also determined for both males and females. An 

( 0.5 )

( 0.5 )

exp

expwi

m
m

i

1

4

T

T=
-

-

=
/

analysis of covariance (ANCOVA) (Zar 2010) was used to 
compare the meristic relationships between the sexes, while 
the maximum likelihood ratio test (Kimura 1980) was used 
to compare the weight-length relationship and growth func-
tions between the sexes.

Periodicity of band pair formation AIcc ΔAICc wi

No cycle 480.53 46.96 0

Annual cycle 433.57 0 0.997

Biannual cycle 444.88 11.31 0.003

Table 1. Comparison of goodness-of-fit among different periodicities 
of vertebral band pair formation for dusky sharks.

Fig. 1. Sampling area of dusky sharks in the western North Pacific 
Ocean.

Fig. 2. The X-ray radiograph of a laterally cut vertebral centrum show-
ing growth band pairs on vertebral centrum of a female dusky shark 
(285 cm TL); B: birth mark, R: centrum radius.



Joung et al.156

3. rESULtS
3.1 Meristic relationships

There were no significant differences between males 
and females in terms of meristic relationships (ANCOVA, 
p > 0.05). Thus, the sexes-combined relationships between 
TL, FL, and PCL were estimated as follows:

FL = -0.57 + 0.82TL (r2 = 0.99, n = 670, p < 0.01) (2)

PCL = -3.73 + 0.76TL (r2 = 0.99, n = 670, p < 0.01) (3)

3.2 tL-r and W-tL relationships

Linear relationships between TL and R were found to 
be significant for both sexes, and no significant difference 
was detected between the sexes. Thus, the relationship be-
tween TL and R for both sexes-combined was described as 
follows:

TL = 14.74 + 20.31R (r2 = 0.91, n = 399, p < 0.01) (4)

A significant difference between the sexes was found 
for the W-TL relationship. Thus, the sex-specific relation-
ships between W and TL were described as follows:

( 0.98, 209, 0.01)r n p
W 2.03 10 TL for females

<2

6 3.216#=
= =

-

 (5)

( . , , . )
.

r n p0 98 2 0 01
8 01

94
W 10 TL for males

<

.

2

2 9576#=
= =

-

 (6)

The sexes-combined proportion of bands at the ver-
tebral centra edge indicated that the proportion of opaque 
bands began to increase in March, peaked in September and 
decreased thereafter, suggesting that an opaque band forms 
once a year between September and October (Fig. 3). Oka-
mura and Semba’s (2009) analysis also indicated that annual 
band pair formation was most probable, due to that scenario 
having the smallest AICc and the highest wi (Table 1), with 
a good fit between predicted probability and observations 
(Fig. 3). There was no support for the biannual and no cycle 
per year scenarios, because ΔAICc was greater than 10 and 
because only very low values of wi were found (Table 1).

To determine if the birth band was correctly assumed 
on the vertebral centra of the dusky sharks, the radius length 
of the birth mark was substituted in the TL-R equation. The 
theoretical length of the birth mark at the time of formation 
was 111.9 cm, which was larger than the size at birth of 
101 cm. No growth band was observed on the vertebrae of 
two full-term embryos collected in the parturition season, 

suggesting that the birth mark was formed after parturition. 
Two opaque bands (the birth mark and one newly formed) 
were found on the two smallest free-swimming individu-
als collected in late February. If the birth date and band 
formation date were assumed to be July 1 and September 
1, respectively, then the birth mark and the first band after 
birth were formed 2 and 14 months after birth, respectively. 
These estimates indicated that our birth mark assumption in 
the vertebral centra was correct.

In total, 18 (4.1%) vertebrae were discarded due to fail-
ure in processing and another 29 (6.7%) were discarded due 
to inconsistencies in band pair readings. Maximum numbers 
of band pairs counted were 29 for females and 24 for males, 
based on 387 vertebrae.

3.3 Growth Parameters

Estimated parameters for the four growth functions are 
shown in Table 2. The growth function between the sexes 
was not significantly different at the 5% level, based on the 
maximum likelihood ratio test. The Robertson growth func-
tion had the smallest AICc (Table 3), but the Gompertz func-
tion was supported equally well (ΔAICc < 2). However, the 
highest wi indicated that the Robertson growth function is 
the best model for fitting the observed length-at-age data 
for dusky sharks. The parameters of the sexes-combined 
Robertson function for dusky sharks were estimated as fol-
lows: L∞ = 369.4 cm TL, b = 0.912, kR = 0.126 yr-1 (n = 385,  
p < 0.01) (Fig. 4).

Chen (2004) reported that the 50% sizes at maturity 
of dusky sharks in the waters of northeastern Taiwan were 
281 and 273 cm TL for females and males, respectively, 
based on maturity ogives. These values correspond to  
16.4 yrs for females and 15.5 yrs for males, based on the 
Robertson growth equation.

4. DIScUSSION

The specimens used in this study encompass a wide 
range of sizes for this species (110 - 364 cm TL), but in-
dividuals smaller than 110 cm TL and larger than size at 
birth (101 cm TL, Chen 2004) were rarely captured by the 
longline fishery, possibly because the pupping ground was 
not fished. Size-specific gear selectivity may be another po-
tential factor. The lack of very young specimens may result 
in an overestimate of L∞, but our estimate (369.4 cm TL) 
using the Robertson growth function is only slightly larger 
than the maximum observed size (364 cm TL) and is thought 
to be biologically realistic. To improve the accuracy of pa-
rameter estimation, future work should focus on the collec-
tion of very young specimens.

Cailliet et al. (2006) and Goldman et al. (2012) noted 
that both marginal increment analysis (MIA) and edge anal-
ysis can be used to provide valuable corroborative evidence 
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Fig. 3. Monthly frequency changes in band edge on vertebral centrum for dusky sharks. Numbers indicate sample size, : predicted probability of 
annual cycle from Okamura and Semba’s method (2009).

Sexes-combined

Growth model
Parameters

AIcc ΔAICc wi
L∞ (SE) k (SE) kR (SE) kG (SE) t0 (SE)

VBGF 456.0 (30.0) 0.046 (0.007) - - -4.23 (0.742) 2381.0 3 0.11

VBGF with L0 562.8 (39.9) 0.029 (0.003) - - - 2391.0 13 0.00

Robertson 369.4 (9.93) - 0.126 (0.008) - - 2378.0 0 0.51

Gompertz 394.7 (14.4) - - 0.086 (0.007) - 2378.6 0.6 0.38

Table 2. Estimates of growth parameters and goodness of fit for four growth functions fitted to observed size-at-age data of dusky shark.

region Method Sex Model L∞ (cm FL) k/kR/kg (year-1) t0 (year) n tmat Size range (cm FL) Source

NW Pacific VA M Robertson 324.6 0.125 200 15.5 90 - 290 This study

VA F Robertson 324.6 0.126 165 16.4 91 - 298 This study

VA C Robertson 324.5 0.126 385 90 - 298 This study

VA M VBGF 387.5 0.043 -4.45 220 15.5 90 - 290 This study

VA F VBGF 368.6 0.046 -4.23 165 16.4 91 - 298 This study

VA C VBGF 373.4 0.046 -4.23 385 90 - 298 This study

SE Indian VA M VBGF2 336.5 0.045 - 20 - 23 Simpfendorfer et al. (2002)

VA F VBGF2 354.4 0.043 - 17 - 22 Simpfendorfer et al. (2002)

VA C VBGF2 351 0.043 - 305 63 (neonate) - 282 Simpfendorfer et al. (2002)

SW Indian VA C VBGF 334 0.047 -5.18 42 Natanson and Kohler (1996)

NW Atlantic VA M VBGF 373 0.038 -6.28 47 19 Natanson et al. (1995)

VA F VBGF 349 0.039 -7.04 67 21 Natanson et al. (1995)

VA C VBGF 352 0.040 -6.43 120 73 (neonate) - 296 Natanson et al. (1995)

NW Atlantic LF M VBGF 293 0.049 -5.99 133 19 Natanson et al. (1995)

LF F VBGF 392 0.040 -5.34 208 21 Natanson et al. (1995)

LF C VBGF 296 0.062 -4.68 350 73 (neonate) - 296 Natanson et al. (1995)

Table 3. Growth parameters of dusky sharks derived from different studies.

Note: VA: Vertebral analysis, LF: length-frequency analysis, VBGF2: two-parameter VBGF, tmat: age at maturity, Logistic is the same as Robertson function.
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for the periodicity of band formation. Because of uncertainty 
in the radii of the ultimate and penultimate bands measure-
ments, we used edge analysis alone to verify the periodicity 
of band pair formation in this study. Our analysis suggested 
that a single growth band pair was formed annually. The re-
sults derived from the statistical model (Okamura and Semba 
2009) supported our results. The annual band pair deposition 
scenario received the highest support (wi = 0.997), while the 
biannual and no cycle scenarios were rejected because of 
their low wi values (Table 2). Annual band pair deposition 
was reported by other researchers studying dusky sharks in 
other locations, including the western North Atlantic Ocean 
(Natanson et al. 1995) and the southwestern Indian Ocean 
(Natanson and Kohler 1996). Simpfendorfer (2000) used a 
tag-recapture approach to calculate estimates of the growth 
rate of juvenile dusky sharks, while Simpfendorfer et al. 
(2002) used tetracycline labeling for individuals aged 5 yrs 
or less to calculate estimates of the age and growth of dusky 
sharks in Australian waters. More recently, Natanson et al. 
(2014), used bomb radiocarbon dating in reporting the an-
nual deposition of band pairs in dusky sharks as old as 11 yrs 
in the northwestern Atlantic Ocean. The authors concluded 
that the vertebral band counting method underestimated the 
true age of dusky sharks older than 11 yrs of age and sug-

gested that the decline of band pair deposition beyond the 
age of 11 may be related to somatic growth or the onset of 
maturity. Whether our estimates underestimated the true age 
of dusky sharks in the western North Pacific Ocean needs 
further investigation.

Edge analysis indicated that the opaque band on ver-
tebral centrum was formed in September to October (fall). 
However, Simpfendorfer et al. (2002) concluded that the 
opaque band in dusky sharks in Australian waters was 
formed in December or January (summer). Differences in 
environmental conditions and food availability between 
the two sampling locations may account for the disparity in 
band deposition time observed in the two studies. Although 
several possible explanations for band formation have been 
proposed, the average water temperatures at the depths that 
dusky sharks inhabit (75 - 125 m) in the northern Taiwan 
waters are very stable year round (20.17 - 21.02°C) (Ocean 
Data Bank 2011). This indicates that band formation in 
dusky sharks in the western North Pacific may not be close-
ly linked to changes in water temperature.

The L∞ of the sexes-combined Robertson growth func-
tion was only slightly larger than the maximum observed 
size of 364 cm TL for females and 354 cm TL for males, 
suggesting that our estimation is biologically realistic. Like-
wise, our estimates for the Robertson function parameters 
were comparable to those derived by Natanson et al. (2014) 
from validated ages using the same growth function, while 
our estimates for the VBGF parameters (although not the 
best fitting model) were also comparable to those from other 
studies that used VBGF (Table 3). The growth curves we 
derived from both the VBGF and Robertson functions were 
similar to those from other studies on dusky sharks up to 
10 yrs of age, but the discrepancy increased with age there-
after (Fig. 5). Our study predicted larger sizes for sharks 
older than 10 yrs, suggesting that dusky sharks in the west-
ern North Pacific grow more rapidly than dusky sharks in 
the Atlantic and Indian oceans. This may be due to the dif-
ference in ocean water temperature, as temperature plays 
an important role in determining the growth rates of sharks 
(Simpfendorfer et al. 2002). The specimens used in this 
study were primarily from subtropical waters (25 - 30°N), 
whereas specimens examined by Natanson et al. (1995), 
Natanson and Kohler (1996), Simpferdorfer et al. (2002), 

region Method Sex Model L∞ (cm FL) k/kR/kg (year-1) t0 (year) n tmat Size range (cm FL) Source

NW Atlantic VA M Logistic 284.4 0.139 113 74 - 276 Natanson et al. (2014)

VA F Gompertz 319.4 0.078 138 76 - 300 Natanson et al. (2014)

VA C Logistic 261.5 0.148 251 74 - 300 Natanson et al. (2014)

NW Atlantic VA C VBGF 385 0.034 -5.99 22 Hoenig (1979)

VA F VBGF 732 0.014 -6.70 13 Hoenig (1979)

Table 3. (Continued)

Fig. 4. The sexes-combined Robertson (black solid line), and Gomp-
ertz (black dotted line) growth curves for dusky sharks; : females,  

: males.
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and Natanson et al. (2014) were primarily collected from 
more temperate waters (35 - 45°N or °S).

Because this study was based on a large sample size and a 
broad range of specimen sizes (n = 385, 110 - 364 cm TL), we 
believe that our results accurately depict the age and growth 
of dusky sharks in the western North Pacific Ocean. In addi-
tion, our samples were collected over a consecutive 15-month 
period, suggesting that the results derived from this study are 
robust. Although no stock assessment of dusky sharks in the 
western North Pacific has been conducted, the characteris-
tics of slow growth (kR = 0.126 yr-1), late maturity (16.6 and  
15.5 yrs for females and males, respectively), and few off-
spring (11/litter) (Chen 2004) render this population vulner-
able to overfishing. Rigorous monitoring of dusky shark size 
composition and a detailed stock assessment is needed to en-
sure sustainable exploitation of this species.
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