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bstract

Etmopterus pusillus is a deep water lantern shark with a widespread global distribution that is caught in large quantities in some areas, but is
sually discarded due to the low commercial value. In this work, the population biology was studied and life history parameters determined for
he first time in this species. Age was estimated from sections of the second dorsal spine and validated by marginal increment analysis. Males
ttained a maximum age of 13 years, while 17-year-old females were found. Several growth models were fitted and compared for both size and
eight at age data, showing that even though this is a small sized species, it has a relatively slow growth rate. This species matures late and at a

elatively large size: at 86.81% and 79.40% of the maximum observed sizes and at 58.02% and 54.40% of the maximum observed ages for males

nd females, respectively. It has a low fecundity, with a mean ovarian fecundity of 10.44 oocytes per reproductive cycle. The estimated parameters
ndicate that this species has a vulnerable life cycle, typical of deep water squalid sharks. Given the high fishing pressures that it is suffering in the
E Atlantic, the smooth lantern shark may be in danger of severe declines in the near future.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The smooth lantern shark, Etmopterus pusillus is a small
ized, globally widespread, deep water squalid shark. In the
estern Atlantic it has been recorded in the northern area of

he Gulf of Mexico and between southern Brazil and Argentina
Compagno, 1984). In the eastern Atlantic it has been recorded
rom Portugal (Saldanha, 1997) to Namibia. In the western
ndian Ocean it has been described for South Africa and in
he western Pacific in Japan (Compagno, 1984). This species
ives mainly in the continental and insular shelves and upper
lopes, at depths from 274 to 1000 m, but has also been
escribed in oceanic waters, between Argentina and South
frica (Compagno, 1984).
The family Etmopteridae is the largest squaloid shark family,
ith more than 50 species in 5 genera. The Etmopterus genus is
he most speciose genus in this family, currently with 31 valid
pecies (Compagno et al., 2005). Most of the species in this
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enus are either endemic or very limited in their distribution,
nd E. pusillus is one of the few with a cosmopolitan distribution
Compagno et al., 2005). However, it is particularly abundant
nly in some areas such as off the south and southwestern coasts
f Portugal. Here, this species, along with Etmopterus spinax,
omprise the two most abundant lantern sharks (Coelho et al.,
005).

In Portugal, E. pusillus is commonly caught as by-catch and
iscarded by several deep water fisheries that operate in the area,
amely the deep bottom trawl fishery that targets Norway lob-
ter, Nephrops norvegicus, deepwater rose shrimp, Parapenaeus
ongirostris, and red shrimp, Aristeus antennatus (Monteiro et
l., 2001) and the deep water longline fishery that targets wreck-
sh, Polyprion americanus, European-conger, Conger conger,
nd European hake, Merluccius merluccius (Coelho et al., 2005).
owever, even though E. pusillus is caught in large quantities, it
as a very low or no commercial value and is therefore usually
iscarded (Monteiro et al., 2001; Coelho et al., 2005). Therefore,
his species is never landed and is never accounted for in the offi-

ial fisheries statistics, limiting the availability of data for mon-
toring its fisheries mortality and assessing its population status.

Although E. pusillus is widespread, little biological infor-
ation exists on this species. Coelho and Erzini (2005) report

mailto:rpcoelho@ualg.pt
dx.doi.org/10.1016/j.fishres.2007.04.006
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hat this is an aplacental viviparous species, and present prelim-
nary lengths-at-maturity, but no other biological information is
vailable. We believe that this is the first study that focuses on
etailed life history parameters of this species.

Given the relatively high levels of fishing mortality that this
pecies is currently suffering and that this is a deep water squalid
hark, a family of sharks generally characterized by very vul-
erable life cycles, with very slow growth rates, late maturities
nd low reproductive potential (Fowler et al., 2005), there is an
rgent need for biological studies of this species. The objec-
ives were to study various aspects of the population biology of
. pusillus, especially growth, maturity and fecundity. The data
resented here will be useful for modelling purposes (e.g. risk
nalysis), for monitoring this population’s evolution in the future
nd may serve as a basis for comparison with other studies on
his species in other areas.

. Materials and methods
.1. Biological sample

Specimens were caught on a monthly basis, from February
003 to June 2004, except for March 2003, as by-catch of com-

a
d
c
s

ig. 1. Map of the south and southwestern coasts of Portugal with the location of
ommercial fishing operations and the research survey tows. Bathymetric lines and c
esearch 86 (2007) 42–57 43

ercial fishing vessels, namely deep water trawlers and deep
ater longliners. The commercial longliners usually operated
n rocky bottoms to catch demersal bony fishes such as P. amer-
canus and C. conger, while the commercial trawlers operated
n muddy and sandy bottoms, targetting crustaceans such as
. norvegicus, P. longirostris and A. antennatus. Additionally,

pecimens were obtained from the Portuguese Fisheries Institute
INIAP—IPIMAR) deep water trawl research cruise during the
ummer of 2003. Samples came from fishing that took place at
epths from 245 to 745 m (Fig. 1).

All specimens caught were brought to the laboratory where a
eries of external body measurements were taken to the nearest
ower millimetre, namely the total length (TL), measured in a
traight line from the tip of the snout to the tip of the caudal
n in its natural position, the fork length (FL), measured form

he tip of the snout to the caudal fin fork, the pre-caudal length
PCL), measured from the tip of the snout to the beginning of the
pper lobe of the caudal fin and the body girth (GIR) measured
round the body at its widest area. Total weight (W) and eviscer-

ted weight (Wev) were recorded to the nearest centigram. After
issection, the gonads and the liver were weighed to the nearest
entigram. Additionally, electronic callipers were used to mea-
ure the inner clasper lengths in males, from the vent opening

the coastline, the bathymetric lines (100, 200, 500 and 1000 m depths), the
oastline adapted from “Atlas do Ambiente Digital—Instituto do Ambiente”.
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o the tip of the claspers, and the uterus diameter of females
n its widest area, to the nearest 0.01 mm. The diameter of ripe
ocytes in mature females and the length and weight of embryos
n pregnant females were also measured, using a digital caliper
ith 0.01 mm precision and a digital scale with 0.01 g precision.

.2. Morphometric relationships

The relationships between the explanatory variable TL (in
m) and each of the dependant variables FL, PCL and GIR (in
m) without any data transformation, and between the explana-
ory variable TL and the dependant variables W and Wev (in g)
ith natural logarithm transformed data were explored by linear

egression. Standard errors were calculated for all the estimated
arameters, along with the coefficient of determination (r2) of
ach regression. Linear regressions were carried out for males
nd females separately, and analysis of covariance (ANCOVA),
sing TL as the covariate, used for comparing the two sexes
homogeneity of the regressions).

.3. Age estimation and validation

Linear regression was used to assess if there were relation-
hips between specimen growth and dorsal spines growth, an
ssumption needing verification if age is to be determined in
hese structures. Linear models were fitted with TL (cm) as
he explanatory variable and various variables representing the
rowth of both the first and the second dorsal spines, namely
otal spine length (TSL, in mm), measured from the spine tip
o the anterior side of the spine base and the spine base width
SBW, in mm), measured as the diameter of the spine at its base
Clarke and Irvine, 2006). Linear regression was also used to
xplore the relationship between natural logarithm transformed
L and spine weight (SW, in mg). Standard errors were calcu-

ated for all the estimated parameters and r2 values determined.
inear regressions were carried out for males and females sep-
rately, with analysis of covariance (ANCOVA), using TL as
he covariate for comparing the two sexes (homogeneity of the
egressions). All spine measurements were taken with digital
alipers with 0.01 mm precision and weights recorded using
lectronic precision (0.1 mg) scales.

Age was estimated by direct counting of the bands formed in
he inner dentine layer of the second dorsal spines. A band was
efined as a pair made by an opaque and a hyaline band. The
pines were initially cleaned by removing most of the organic tis-
ue with scalpels and scissors. After, the spines were immersed
n a sodium hypochlorite (10%) solution, between 2 and 10 min,
epending on the size of the structure and until all organic tis-
ue was cleaned. The spines were then rinsed in tap water for
min and left immersed in distilled water for 30 min to remove
ll traces of sodium hypochlorite. The cleaned spines were then
tored dry until ready to be processed.

Once dry, the spines were embedded in epoxy resin, in indi-

idual plastic moulds. After a 24 h period for complete drying
f the epoxy, these moulds were placed in a Buehler Isomet low
peed sawing machine using a series 15LC diamond blade to cut
hree transverse 500 �m sections. Spines were sectioned on the

c

m
o
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xterior spine region (Irvine et al., 2006a), with the distance of
he section to the spine tip varying with spine length. The sec-
ions were mounted in microscope glass slides with DPX, and
bserved in a Zeiss Axiolab binocular microscope with 100×
mplification under transmitted white light.

The sharpest section of each specimen was micropho-
ographed with a digital Canon G2 photographic machine

ounted in the microscope. All photographs were taken in the
perture priority mode, with this value set manually to the lowest
ossible aperture (highest F-value, in this case F8.0), to increase
he depth of field and decrease the possibility of blurring the
hotographs. To reduce photo noise, the ISO value was set man-
ally to ISO50 and a manual light exposition compensation of
2/3 EV was set to compensate for possible over-exposure.
All photos were processed and analyzed in the Image Pro Plus

.5 software. Measurements of the spine radius in the area where
he bands were observed were taken and linear regressions estab-
ished. These regressions were carried for each sex separately
nd compared with ANCOVA, using TL as the covariate.

Preliminary tests were made on vertebrae to assess their pos-
ible use for age confirmation, but given that no bands were
isible, even after using the alizarin red S band enhancing tech-
ique (LaMarca, 1966), no further processing or analysis of these
tructures was carried out.

Age was estimated by a single reader who made three inde-
endent readings of each structure. To reduce possible sources
f bias, these readings took place at least 1 month apart and
o information regarding specimen characteristics or previous
eadings was available during each reading. An age class was
nly attributed to a specimen if at least two of the three age
stimations were concordant.

The precision of the age estimates, defined as the repro-
ucibility of repeated measurements on a given structure
Campana, 2001) was determined by several different tech-
iques. The percent agreement, a technique that determines the
ercentage of age estimations that agree entirely, that agree
ithin ±1, ±2, ±3 years and so on was used. Given that this

echnique is dependant on the age estimate, meaning that sim-
lar values of percent agreement can have different meanings
epending on the range of the age estimates, alternative tech-
iques were also used, namely the average percent error (APE)
efined by Beamish and Fournier (1981) and the coefficient of
ariation (CV) and the index of precision (D) defined by Chang
1982).

The periodicity of the formation of band patterns was
alidated by using the relative marginal increment analysis,
xpressed as:

IR = R − Rn

Rn − Rn−1

here MIR is the marginal increment ratio, R the radius of the
tructure, Rn the distance to the outer edge of the last complete
and and Rn−1 is the distance to the outer edge of the next-to-last

omplete band.

The monthly evolution of the mean MIR was plotted to deter-
ine trends in band formation throughout the year. An analysis

f variance (ANOVA) was used to test for differences in the



eries R

M
p

2

c
F
s

g
c
r
e

L

w
l
L

fi
u

L

w
s
b
t

a
c

L

w

L

w
g

G
e

W

w
t
t
r
s

s
t
c
f
t

p
(

A

w
o
s
m

t
“

�

2

b
o
w
3 and 4 represent mature specimens (Table 1). Females were
divided in seven stages, where stages 1 and 2 represent imma-
ture specimens and stages 3–7 represent mature specimens. In
females, stages 1–3 represent the ovarian stages and stages 4–7

Table 1
Macroscopically defined maturity stages for males and females of Etmopterus
pusillus

Males
Stage 1: Immature Underdeveloped and soft claspers, shorter than the

pelvic fins. Small whitish threadlike gonads. Sperm
duct narrow and straight

Stage 2: Maturing Claspers developing, longer than the pelvic fins, but
still soft. Gonads enlarged. Sperm duct starting to
coil

Stage 3: Mature Claspers fully formed, and stiff. Large and rounded
gonads, full of sperm. Sperm ducts coiled

Stage 4: Active Claspers stiff and swollen. Large and rounded
gonads, full of sperm. Sperm flowing under pressure

Females
Ovarian phases

Stage 1: Immature Small ovaries without differentiated oocytes. Uterus
threadlike

Stage 2: Maturing Ovaries a little larger, with oocytes starting to
differentiate, but still small in size. Uterus a little
wider, but still narrow

Stage 3: Mature Large ovaries, with large and well differentiated ripe
oocytes, orange-yellowish in colour

Uterine phases
Stage 4: Early

pregnancy
Uterus filled with non-segmented and
undifferentiated yolky content

Stage 5: Middle
pregnancy

Uterus with small embryos, with yolk sacs attached
and filled with yolky content

Stage 6: Late Uterus with fully formed embryos, with reduced or
R. Coelho, K. Erzini / Fish

IR values along the year and the multiple comparisons Tukey
airwise test used to assess differences between pairs of months.

.4. Growth modelling

Modelling of growth in length was based on four relatively
ommonly used models, namely the Von Bertalanffy Growth
unction (VBGF), a modified version of the VBGF with known
ize at birth, the Gompertz model and the logistic equation.

The VBGF is one of the most used models to explain fish
rowth, that can also be applied to other organisms such as
ephalopods. The principle underlying this model is that growth
ate of fishes tends to decrease linearly with size and it can be
xpressed as:

t = Linf (1 − e−k(t−t0))

here Lt is the total length at age t, Linf the maximum asymptotic
ength, k the growth coefficient and t0 is the theoretical age when
t = 0.

As an alternative to the traditional VBGF, a model with a
xed intercept of the length axis (known size at birth (L0)) was
sed:

t = Linf (1 − b e−kt)

here b = (Linf − L0)/Linf and L0 is the size at birth, that in this
pecies was estimated to be 12.8 cm TL (S.D. = 0.6 cm; n = 5),
ased on observations of totally formed embryos present in late
erm (stage 6) pregnant females.

The Gompertz growth model is a sigmoidal growth curve that
ssumes an exponential decrease of the growth rate with size and
an be expressed as:

t = Linf e−e(−g(t−t0))

here g is the Gompertz growth coefficient.
The logistic equation can be expressed as:

t = Linf

(1 + ((Linf − L0)/L0)(e(−rt)))

here L0 is the theoretical length at birth and r is the logistic
rowth coefficient.

Weight-at-age data were modelled using the VBGF and the
ompertz model. The VBGF used with weight data can be

xpressed as:

t = Winf (1 − e−k(t−t0)b )

here Wt is the total weight at age t, Winf the maximum asymp-
otic weight and b is the allometric growth coefficient from
he TL-W relationship (3.345 and 3.431 for males and females,
espectively). The Gompertz model for weight-at-age data is the
ame as the one used with length-at-age.

Each model was fitted by non-linear least squares regres-
ion, with iterations by the Levenberg-Marquardt algorithm in

he STATISTICA 6 software (StatSoft, 2004) and the r2 value
alculated. For each model, growth was estimated for males and
emales separately and compared using the maximum likelihood
est (Kimura, 1980).
esearch 86 (2007) 42–57 45

Model comparison and selection was based on the small sam-
le corrected form of the Akaike information criterion (AICc)
Shono, 2000), that for the least squares fit can be expressed as:

ICc = RSS

n
+ 2k(k + 1)

n − k − 1

here RSS is the residual sum of squares, n the number of
bservations and k is the total number of estimated regres-
ion parameters that equals the number of parameters in the
odel + 1.
The model with the smallest AICc value was selected as

he “best” model (AICc, min) and the differences between this
best” model and all others expressed as:

i = AICc, i − AICc, min

.5. Reproductive cycle

Maturity stages were defined for both males and females
ased on the macroscopic observations of the reproductive
rgans of the specimens. Males were divided in four stages,
here stages 1 and 2 represent immature specimens and stages
pregnancy inexistent yolk sac
Stage 7: Resting Ovaries resting with immature oocytes, similar to

stage 2. Uterus empty but considerably dilated,
sometimes with blood traces from the parturition
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of the length range described for this species. Females attained
slightly larger sizes than males. Specifically, female lengths var-
ied from 15.9 to 50.2 cm TL while males ranged in length from
15.8 to 47.9 cm TL (Fig. 2).
6 R. Coelho, K. Erzini / Fish

he uterine stages (Table 1). In this species, ovarian and uterine
hases of mature females are independent and do not occur at
he same time. Although no stage 4 females were found, we
ssume that it is part of this species life cycle given that it has
een described for other aplacental viviparous squalid sharks
Clarke et al., 2001; Jakobsdottir, 2001).

The percentage of each maturity stage throughout the year
or both males and females was plotted, in order to assess if
ifferent stages were occurring predominantly during a specific
eason or period.

The gonadosomatic index (GSI) and the hepatosomatic index
HSI) were calculated for all specimens and the means for each
aturity stage in each sex plotted. These indices were calculated

s:

SI = gonad weight (g)

Wev (g)
× 100

SI = liver weight (g)

Wev (g)
× 100

Kruskal–Wallis and pairwise Dunn tests were used to test if
ignificant differences occurred between the different maturity
tages.

.6. Maturity

For the purpose of the maturity estimations, the reproduc-
ive stages of the specimens were grouped in either mature or
mmature. Considering that a mature specimen is a specimen
hat is able to reproduce or has done so in the past (Conrath,
004), stages 1 and 2 in both males and females were consid-
red immature and the following stages considered mature. Box
nd whiskers plots were used to plot the means, standard devia-
ions and ranges for both size and age of mature and immature
pecimens of each sex. A two-way ANOVA was used to test for
ifferences in these mean sizes and ages.

The proportion of mature individuals by 1 cm TL size classes
as used to fit length based maturity ogives and to estimate

he size at maturity (TL at which 50% of the individuals are
ature). The logistic curve was fitted by non-linear least squares

egression, using the Levenberg-Marquardt algorithm, in the
TATISTICA 6.0 software (StatSoft, 2004) by:

Li = 1

1 + e−b(Li−L50)

here PLi is the proportion of mature individuals in the size class
i, b the slope and L50 is the size where 50% of the individuals
re mature.

The same procedure was followed to estimate age at maturity
age at which 50% of the individuals are mature), using the
quation:

age = 1

i 1 + e−b(agei−age50)

here Pagei is the proportion of mature individuals in age class
gei, b the slope and age50 is the age where 50% of the individ-
als are mature. F
esearch 86 (2007) 42–57

The standard errors and the lower and upper limits of the
5% confidence intervals were calculated for each estimated
arameter. Length and age based maturity ogives were fitted to
ales and females separately, and the maximum likelihood test

Kimura, 1980) used to test for differences between sexes.
Sexual characters such as clasper length in males and uterus

idth in females were used to confirm the maturity estimated
y the ogives. Given that both are paired structures, both the
eft and the right side structures were measured and compared
ith ANCOVA tests, using TL as the covariate. Once it was
etermined that there were no differences between the structures
f the two sides, a mean clasper length and uterus width was
alculated, respectively, for each male and female and plotted
gainst TL so that relative growth with size of the structure could
e observed.

.7. Fecundity

Total fecundity was estimated by direct methods, by count-
ng both the number of oocytes in mature stage 3 females
nd the number of mid-term embryos in pregnant females in
tage 5. Pregnant females in stage 6, with near-term embryos
ere not considered for this part of the study, given the pos-

ibility that some of the pups may have already been born
t the time of capture, resulting in underestimation of fecun-
ity.

. Results

.1. Biological sample

A total of 614 specimens (252 females and 362 males) was
aught for this study during the sampling period, with 571 spec-
mens caught by the commercial fisheries and 43 specimens
aught during the INIAP—IPIMAR research cruise. A sub-
ample of 546 specimens was used for the age and growth study,
hile for some morphometric relationships 16 additional spec-

mens caught outside the sampled period were also used. Both
ale and female samples had a wide length range, covering most
ig. 2. Size distribution of the sample of Etmopterus pusillus used in this study.
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Table 2
Linear regressions between TL and FL, PCL, GIR, W and Wev in Etmopterus pusillus, indicating the total sample (n), the type of data transformation, the range of
the explanatory variable (cm) and the intersect (a) and the slope (b) of the linear regression, with the respective standard errors (S.E.)

Relation Transf. Sex Sample characteristics Parameters of the relationship

n Range (exp. var.) a b S.E.(a) S.E.(b) r2

TL-FL None Males 288 15.8–46.3 −0.474 0.907 0.131 0.004 0.995
Females 221 19–50.2 −0.553 0.907 0.153 0.004 0.996
Combined 509 15.8–50.2 −0.475 0.906 0.098 0.003 0.996

TL-PCL None Males 283 15.8–46.3 −0.909 0.825 0.170 0.005 0.991
Females 215 19–50.2 −1.123 0.828 0.240 0.006 0.988
Combined 498 15.8–50.2 −0.932 0.825 0.139 0.004 0.989

TL-GIR None Males 287 15.8–46.3 −2.834 0.393 0.367 0.010 0.841
Females 221 19–50.2 −5.098 0.462 0.528 0.014 0.839

TL-W Nat. log Males 370 15.8–46.3 −6.793 3.345 0.109 0.031 0.970
Females 260 15.9–50.2 −7.071 3.431 0.146 0.040 0.966

TL-Wev Nat. log Males 369 15.8–46.3 −6.321 3.121 0.096 0.027 0.973

T
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Females 258 15.9–50.2

he coefficient of determination (r2) of each regression is also given.

.2. Morphometric relationships

The morphometric relationships are presented in Table 2.
o significant differences between sexes were detected for

he TL-FL (ANCOVA: F = 0.02; P-value = 0.884) and TL-PCL
ANCOVA: F = 0.15; P-value = 0.701) relationships, and there-
ore regressions for both sexes combined were carried out.
or all other regressions significant differences were detected

etween sexes (ANCOVATL-GIR: F = 17.20; P-value < 0.001;
NCOVATL-W: F = 94.52; P-value < 0.001; ANCOVATL-Wev :
= 91.22; P-value < 0.001).

v
A
f

able 3
inear regressions between TL and total spine length (TSL), spine base width (SBW
usillus

elation Transf. Sex Sample characteristics

n Range (exp. va

L-TSL1 None Males 285 15.8–46.3
Females 196 15.9–48.5
Combined 481 15.8–48.5

L-SBW1 None Males 289 15.8–47.9
Females 200 15.9–48.5
Combined 489 15.8–48.5

L-SW1 Nat. log. Males 288 15.8–46.3
Females 199 15.9–48.5

L-TSL2 None Males 308 15.8–47.9
Females 226 15.9–50.2
Combined 534 15.8–50.2

L-SBW2 None Males 311 15.8–47.9
Females 229 15.9–50.2
Combined 540 15.8–50.2

L-SW2 Nat. log. Males 310 15.8–46.3
Females 232 15.9–48.5

he total sample size (n), the type of data transformation, the range of the explanator
long with the respective standard errors (S.E.) and the coefficient of determination (
−6.500 3.180 0.112 0.031 0.976

.3. Age estimation and validation

There is a clear relation between the growth in weight
nd size of the spines with TL (Table 3). No dif-
erences between sexes were detected for the relations
etween TL and TSL and between TL and SBW for
oth the first and the second spines (ANCOVATL-TSL1:
< 0.01; P-value = 0.968; ANCOVATL-SBW1: F = 0.65; P-
alue = 0.421; ANCOVATL-TSL2: F = 0.52; P-value = 0.470;
NCOVATL-SBW2: F = 0.60; P-value = 0.439), so measurements

or both sexes were combined. Differences between sexes were

) and spine weight (SW) for both first and second dorsal spines of Etmopterus

Parameters of the relationship

r.) a b S.E.(a) S.E.(b) r2

0.570 0.489 0.577 0.016 0.764
0.837 0.490 0.823 0.022 0.722
0.541 0.494 0.473 0.013 0.752

−0.012 0.085 0.118 0.003 0.701
−0.056 0.089 0.147 0.004 0.727
−0.079 0.088 0.092 0.003 0.719

−6.520 2.670 0.206 0.058 0.881
−6.670 2.725 0.284 0.079 0.859

3.222 0.680 0.636 0.018 0.827
3.142 0.699 0.813 0.021 0.827
2.825 0.698 0.500 0.014 0.832

0.376 0.080 0.113 0.003 0.676
0.255 0.084 0.127 0.003 0.738
0.317 0.082 0.083 0.002 0.712

−5.436 2.663 0.170 0.048 0.909
−5.387 2.659 0.220 0.061 0.892

y variable (cm) and the intersect (a) and the slope (b) of the linear regression,
r2) of each regression are given.
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Fig. 3. Relationship between total length of specimens and the radius of the spine
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ections where age was estimated for both sexes of Etmopterus pusillus com-
ined. The regression equation with the respective coefficient of determination
r2) and the sample size (n) are also given.

etected for both spines for the regressions between TL and SW
ANCOVATL-SW1: F = 9.16; P-value = 0.003; ANCOVATL-SW2:
= 8.39; P-value = 0.004). The relationship between TL and the

adius of the spine section where age was estimated was also lin-
ar. Given that no differences were detected between males and
emales (ANCOVA: F < 0.001; P-value = 0.945), a regression
or both sexes combined was estimated (Fig. 3).

A clear pattern of alternating hyaline and opaque band for-
ation was visible on the spine sections (Fig. 4). Age was

etermined successfully for 523 of 546 specimens (95.8%),
ith poor band discrimination (12 specimens) and lack of con-

ordance on at least two of the three readings (11 specimens)
ccounting for the remainder. The percent of concordant ages
n 0, ±1, ±2 and ±3 years was 61.5%, 28.8%, 7.9% and 1.8%

or males and 62.9%, 28.8%, 7.6% and 1.5% for females. The
PE, V and D precision indices obtained were, respectively,
8.33, 19.79 and 11.43 for males and 11.41, 12.79 and 7.39 for
emales.

ig. 4. Microphotograph of a sectioned dorsal spine of a female Etmopterus
usillus with 40.4 cm total length and an estimated age of 8 years. It is possible
o distinguish the inner trunk layer where the annual bands were counted and
he outer trunk layer (without any growth bands and already present in late term
mbryos), as well as the trunk primordium.
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Fig. 5. Age distributions of male and female Etmopterus pusillus.

Females had a wider age range than males. Estimated ages
f females varied from 0 to 17 years while males ranged from
to 13 years. Overall, the female component of this population
as older than the male component, since most of the females

87.1%) were between 4 and 11 years old while most of the males
92.0%) were between 2 and 9 years old (Fig. 5). From 1 to 5
ears of age there were no significant differences in the mean
otal length-at-age between sexes, while the older age classes
howed significant differences, specifically for age class 5 and
ge classes 8–10 (Table 4). Differences for older specimens were
ot tested due to small sample sizes, especially for males.

Age was validated by the marginal increment analysis. There
as a clear annual pattern of band formation, with the marginal

ncrement showing progressively higher values from April to
ovember. Between December and March, there was a sharp
ecrease of the MIR, indicating that the new band is formed
uring this season of the year. This pattern was visible for all
ge classes where the MIR was plotted, namely age classes 4, 5,
, 7 and 8 (Fig. 6). For the other age classes, this type of graph
as not plotted due to the low sample size. Statistically signif-

cant differences were found between mean MIR values along
he different months (ANOVA: F = 11.48; P-value < 0.001). The
ukey multiple comparison pairwise test showed that there were
ifferences between only some of the possible pairs of months,
pecifically between some months with the lowest MIR values
February to March) and the months with the highest MIR values
June to November) (Tukey: P-values < 0.05 in all possible pair-
ise comparisons). The relatively low January MIR value also
iffered significantly from the highest MIR values of September
nd November (Tukey: P-value < 0.05 for all possible pairwise
omparisons). No significant differences were detected between
he other pairwise comparisons, involving months with mostly
ntermediate MIR values (Tukey: P-value > 0.05 for all possible
airwise comparisons).

.4. Growth modelling

All four models gave good fits to the length at age data and
roduced very similar curves, both in the case of males and
emales. The VBGF curve with fixed L0 intersected the YY (total

ength) axis at values lower than the others where this parameter
as estimated (Fig. 7).
For weight based data, the VBGF produced higher estimates

f growth throughout the initial age ranges, but from age 10 on
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Table 4
Comparison of the mean total length (TL, cm) between male and female Etmopterus pusillus for each age group

Age Females Males t-Student test

n Mean TL S.D. n Mean TL S.D. t d.f. P-value

0 2 16.65 1.06 2 15.95 0.21
1 8 21.35 2.19 12 20.56 1.47 −0.97 18 0.344
2 4 24.26 1.35 15 24.51 0.89 0.45 17 0.658
3 7 28.59 1.85 17 28.00 1.61 −0.78 22 0.445
4 23 32.49 1.91 40 31.64 1.90 −1.70 61 0.094
5 33 35.41 2.01 47 34.47 1.79 −2.20 78 0.030
6 35 37.04 1.59 48 37.06 1.50 0.07 81 0.948
7 40 39.08 1.42 48 38.73 1.10 −1.29 86 0.200
8 23 40.81 1.32 42 40.13 1.21 −2.08 63 0.042
9 17 42.40 1.18 18 41.45 1.10 −2.46 33 0.019

10 10 44.47 1.29 8 42.55 0.72 −3.75 16 <0.01
11 14 45.98 0.81 1 41.50
12 2 45.90 0.57
13 1 46.30
14 3 48.67 1.36
15 2 48.80 0.85
1
1
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refers to the sample size and S.D. to the standard deviation. The t-statistic val

or males and age 15 on for females there was an inflection and
he VBGF estimated lower weights for the same age than the
ompertz model (Fig. 8).
Between sexes comparisons for each length based model

howed significant differences between male and female growth
urves (Max. LikelihoodVBGF: χ2 = 52.13; P-value < 0.05;
ax. LikelihoodVBGF known L0 : χ2 = 43.36; P-value < 0.05;
ax. LikelihoodLogistic: χ2 = 47.26; P-value < 0.05; Max.

ikelihoodGompertz: χ2 = 47.07; P-value < 0.05). Between
exes comparisons for each weight based model also showed
ignificant differences between male and female growth curves
Max. LikelihoodVBGF: χ2 = 161.02; P-value < 0.05; Max.

ikelihoodGompertz: χ2 = 157.50; P-value < 0.05).

For both length at age and weight at age models, females had
igher maximum asymptotic sizes and weights and lower growth
oefficients than males. For length at age models, the logistic

d
o

ig. 6. Monthly evolution of the marginal increment (MIR) both for all age classes c
otal sample size (n) in each month.
e degrees of freedom (d.f.) and the P-value are given.

quation produced the lowest maximum asymptotic sizes and the
BGF the highest values, while for weight at age data, the fitted
ompertz model gave higher maximum asymptotic weights than

he VBGF for both sexes (Table 5).
For length at age data, all models fitted the data with high val-

es of r2 and �i < 2 for all cases and both sexes. For weight based
ata, the r2 values were similar for both models and sexes, but
ccording to the AICc, the Gompertz model was more adequate
or males while the VBGF model gave a better fit for females
Table 6).

.5. Reproductive cycle
The annual variation of the percentage of occurrence of the
ifferent maturity stages showed that mature females with ripe
ocytes (stage 3) and pregnant females (stages 5 and 6) only

ombined and for each age class separately. The values in brackets refer to the
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ig. 7. Length at age data for males (a) and females (b) of Etmopterus pusillus,
ith the respective fitted growth models.

ccurred from November to April. During the rest of the year,
nly immature specimens (stages 1 and 2) or specimens in the
esting phases (stage 7) were caught. In males, all the four stages
ccurred during the entire year, but the relative percentage of
ctive males (stage 4) was a little higher during August and then
rom November to April (Fig. 9).

A clear evolution of the GSI was observed as the matu-
ity stages of both males and females developed (Fig. 10). In
emales, this index is very low while specimens are imma-

ure, due to the fact that the gonads have a very low relative
eight. In stage 3, this index increases to the highest values,
iven that during this stage the gonads contain ripe oocytes.
n pregnant females, this index falls again to values similar

o
G
H
t

able 5
omparison of parameters estimated with the different models for length at age and w

ata set Sex Model Maximum asymptotic size

Estimated S.E. L
9

ength at age Males VBFG 49.01 0.99
VBGF Fixed L0 46.81 0.56
Logistic 44.30 0.47
Gompertz 45.91 0.62

Females VBFG 54.04 1.16
VBGF Fixed L0 50.51 0.67
Logistic 49.25 0.65
Gompertz 50.88 0.80

eight at age Males VBGF 313.77 10.52 2
Gompertz 363.39 18.18 3

Females VBGF 562.21 29.90 5
Gompertz 679.28 54.90 5

he maximum asymptotic size is indicated in cm for the length at age models and g
VBGF models), g (Gompertz model) and r (logistic model).
ig. 8. Weight at age data for males (a) and females (b) of Etmopterus pusillus,
ith the respective fitted growth models.

o those of immature specimens, indicating that this species
as an alternate reproductive cycle, with the ovarian and the
terine phases occurring at separate times. In this type of repro-
uctive cycle strategy, while females are pregnant the oocytes
emain immature and the gonads do not develop, remaining rel-
tively small. In stage 7 females, there is a slight increase of
he GSI, probably due to the fact that in some specimens the
ocytes are already starting to develop, in order to start a new

varian cycle. Significant differences were found between the
SI values of the different maturity stages (Kruskal–Wallis:
= 105.29, P-value < 0.001). The pairwise Dunn test showed

hat significant differences occurred between stage 3 and all

eight at age data, for male and female Etmopterus pusillus

Growth coefficient

ower
5% CI

Upper
95% CI

Estimated S.E. Lower
95% CI

Upper
95% CI

47.07 50.96 0.17 0.01 0.15 0.19
45.71 47.91 0.20 0.01 0.19 0.22
43.38 45.22 0.35 0.01 0.32 0.38
44.69 47.14 0.26 0.01 0.24 0.29

51.75 56.34 0.13 0.01 0.12 0.15
49.19 51.83 0.18 0.01 0.16 0.19
47.96 50.53 0.27 0.01 0.24 0.29
49.30 52.46 0.20 0.01 0.18 0.22

93.06 334.47 0.0005 0.0001 0.0003 0.0007
27.60 399.17 0.31 0.03 0.26 0.36

03.29 621.13 0.0001 0.0000 0.0000 0.0001
71.08 787.48 0.18 0.02 0.15 0.22

for the weight at age models. The growth coefficient refers to the parameters k
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Table 6
Values of the coefficient of determination (r2), the small-sample corrected form of Akaike’s information criterion (AICc) and the Akaike’s differences (�i) for each
growth model, both in length and weight and for each sex

Data set Sex Model r2 AICc �i

Length at age Males Gompertz 0.938 2.22 0.00
Logistic 0.938 2.23 0.01
VBFG 0.937 2.26 0.03
VBGF known L0 0.934 2.33 0.10

Females VBFG 0.935 2.69 0.00
Gompertz 0.933 2.78 0.09
Logistic 0.929 2.93 0.24
VBGF known L0 0.923 3.08 0.39

Weight at age Males Gompertz 0.860 961.08 0.00
VBFG 0.859 963.82 2.74

I

o
s
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t
(
t
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a

F
a

Females VBFG
Gompertz

n each case, models are sorted from best to worst according to the AICc.

thers (Dunn: P-values < 0.05), but not between the other pos-
ible pair wise combinations (Dunn: P-values > 0.05). In males,

here is a progressive increase of this index with the evolu-
ion of the maturity stages. Significant differences were found
Kruskal–Wallis: H = 283.23; P-value < 0.001), and according
o the pair wise multiple comparison test, significant differences

a

m
t

ig. 9. Annual variation of the percentage of occurrence of the different maturity stag
re the sample sizes (n).
0.848 2278.93 0.00
0.845 2321.34 42.42

ccurred between all possible pairs (Dunn: P-values < 0.05 in
ll cases) except between stages 2 and 3 and between stages 3

nd 4 (Dunn: P-values > 0.05).

A clear evolution of HSI is also observed with the evolution of
aturity stages in both males and females (Fig. 11). It is possible

o observe an increase in this index as females mature until they

es in female (a) and male (b) Etmopterus pusillus. The values between brackets
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ig. 10. Evolution of the gonadosomatic index (GSI) for both female (a) and
ale (b) Etmopterus pusillus. Error bars represent ±1 standard deviation. The

alues above each point are the sample sizes (n).

each stage 3. While females are pregnant there is a decrease in
his index, probably due to the high energy demand during this

hase. In the resting phase, the index increases again, probably
ue to fact that the specimens are again starting to accumulate
nergy for the next reproductive cycle. The variations in HSI
ere significant (Kruskal–Wallis: H = 62.40; P-value < 0.001),

ig. 11. Evolution of the hepatosomatic index (HSI) for female (a) and male
b) Etmopterus pusillus. Error bars represent ±1 standard deviation. The value
elow each point is the sample size (n).
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ig. 12. Box and whiskers plot with the mean, standard deviation and size ranges
or mature and immature males and females of Etmopterus pusillus.

ith the pair wise tests showing differences between stages 1
nd 3 and between stages 1 and 7 (Dunn: P-values < 0.05), but
ot for the other possible pairs (Dunn: P-value > 0.05). In males,
here is a progressive increase of the HSI with the evolution of the

aturity stage, with the differences more accentuated between
tages 1 and 2 and more progressive for the other stages. Sig-
ificant differences were found (Kruskal–Wallis: H = 172.07;
-value < 0.001), with significant differences between all possi-
le pairs (Dunn: P-values < 0.05) except between pairs 2 and 3
nd between pairs 3 and 4 (Dunn: P-values > 0.05).

.6. Maturity

The maximum size of immature males was 41.7 cm while the
mallest mature male was 35.4 cm in TL. The largest immature
emale was 47.0 cm in TL and the smallest mature female had
TL of 41.9 cm (Fig. 12). In terms of age, the oldest imma-
ure males were 9 years old and the oldest immature females
ere 11 years old. On the other hand, the youngest mature
ales and females were only 5 and 8 years old, respectively

Fig. 13). The two-way ANOVA showed significant differ-

ig. 13. Box and whiskers plot with the mean, standard deviation and age ranges
or mature and immature males and females of Etmopterus pusillus.
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Fig. 14. Size based maturity ogives for Etmopterus pusillus. Dark and white
points represent the proportion of mature males and females in each 1 cm TL
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nterval class, while the solid and dotted lines represent the corresponding fitted
ogistic curves.

nces between sexes and for mature or immature condition, for
oth length (two-way ANOVASex: F = 63.77; P-value < 0.001;
wo-way ANOVAMaturity: F = 199.49; P-value < 0.001) and age
two-way ANOVASex: F = 103.07; P-value < 0.001; two-way
NOVAMaturity: F = 305.74; P-value < 0.001).
Both size based and age based maturity ogives produced good

ts to the observed data. The values of r2 were high; 0.985 and
.990 for female and male length based ogives and 0.981 and
.991 for female and male age based ogives.

Females matured at larger sizes than males, with estimated
izes at first maturity of 43.58 cm TL for females and 38.03 cm
L for males (Fig. 14). Females also matured at later ages than
ales, with estimated ages of first maturity of 7.13 years for
ales and 9.86 years for females (Fig. 15). There were sig-

ificant differences between sexes in terms of the parameters
f both the size (Max. Likelihood: χ2 = 189.82; P-value < 0.05)
nd the age-based (Max. Likelihood: χ2 = 65.01; P-value < 0.05)
aturity ogives.

Since no significant difference was found between left and

ight side claspers (ANCOVA: F = 0.10; P-value = 0.754), the
ean value was calculated for each specimen and plotted against

otal length. It is clear that there is a relationship between clasper

ig. 15. Age based maturity ogives for Etmopterus pusillus. Dark and white
oints represent the proportion of mature males and females in each age class,
hile the solid and dotted lines represent the corresponding fitted logistic curves.
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ig. 16. Relation between total length (TL) and clasper length in males
tmopterus pusillus.

ength and TL, with an accentuated increase once the specimens
chieved maturity (Fig. 16).

Likewise, since there was no significant difference between
eft and right side uterus (ANCOVA: F = 0.52; P-value = 0.471),
mean value was calculated for each female and plotted against
L. Although a clear relationship can be observed between
terus width and TL, this relation is not as progressive as that
f the claspers in males. In this case, immature specimens have
relatively narrow uterus independently of TL, and once speci-
ens achieved maturity, the uterus either increases substantially

in the case of pregnant females) or remains relatively narrow
mature but not pregnant females) (Fig. 17).

Fifty percent of the females and the males in this population
re mature, respectively, at 86.81% and 79.40% of the maximum
bserved size. In terms of age, 50% of the females are mature
t 58.02% and 50% of the males are mature at 54.86% of the
aximum observed ages (Table 7).

.7. Fecundity

The ovarian fecundity in mature (stage 3) females varied
rom 2 to 18 ripe oocytes, with an average of 10.44 (S.D. = 3.65;
= 16), while the uterine fecundity in mid term pregnant females

stage 5) varied from 1 to 6 embryos with an average of 3.50

S.D. = 3.54; n = 2). Only one pregnant female in stage 6 (final
regnancy), with five totally developed and ready to be born
mbryos was caught.

ig. 17. Relation between total length (TL) and uterus width in females of
tmopterus pusillus.
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Table 7
Estimated parameters for size (L50) and age (age50) at maturity, with the respec-
tive 95% confidence intervals (CI) for males and females of Etmopterus pusillus

Females Males

Size range (cm) Immature 15.9–47.0 15.8–41.7
Mature 41.9–50.2 35.4–47.9

L50 (cm) Estimate 43.58 38.03
Lower 95% CI 43.38 37.78
Upper 95% CI 43.78 38.29

Age range (years) Immature 0–11 0–9
Mature 8–17 5–13

Age50 (years) Estimate 9.86 7.13
Lower 95% CI 9.57 6.89
Upper 95% CI 10.16 7.37

L50/Lmax (%) 86.81 79.40
Age50/agemax (%) 58.02 54.86
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ig. 18. Relationship between the total length in cm and the number of ripe
ocytes present in mature (stage 3) females.

Although the relationship between ovarian fecundity (num-
er of ripe oocytes) and the female TL (ANOVA: F = 1.05;
-value = 0.323) (Fig. 18) was not significant, this may be due to

he relatively small sample size (n = 16) and the very restricted
ize range of stage 3 females.

. Discussion

Even though E. pusillus is a widespread and at least in some
reas very common deep water lantern shark, it has never been
horoughly studied and this is probably the first study to explore
spects of the population biology of this species.

Catches of this species can be very high in the fisheries of
he south and south-west coasts of Portugal, and although most
f the specimens are discarded, they are returned to sea either
ead or with severe injuries that probably affect their survival.
pecimens caught with trawls tend to arrive dead on board, prob-
bly due to the trauma of being towed for several hours, while
pecimens caught with longlines are often still alive, but with
njuries caused by the hooks and by the sudden changes in pres-
ure and temperature. The survival rates of Scyliorhinus canicula

iscarded by commercial trawlers seems to be very high, rang-
ng from 78% (Rodriguez-Cabello et al., 2005) to 98% (Revill
t al., 2005). However, these experiments were conducted in
aters much shallower than those where E. pusillus is caught

a
C
e
o

esearch 86 (2007) 42–57

nd no similar studies are known for Etmopterus species. A small
urvivorship experiment where E. pusillus caught by longlines
ere kept in a temperature controlled tank was carried out dur-

ng the course of the present study and 100% mortality was
chieved within 48 h in all cases, suggesting that the survival of
hese sharks fished at considerable depths and released at the sur-
ace is probably zero. Therefore, alternative by-catch reduction
trategies such as the one proposed by Coelho et al. (2003) might
e more adequate to prevent excessive fishing related mortality
n this species.

The sizes of both males and females caught during this study
overed most of the length ranges described for this species
Compagno et al., 2005), so we consider that the sample size
nd range used were adequate. The fact that different fishing
ears were used was an advantage, given that a wide range of
epths, and habitats (muddy/sandy habitats fished with trawls
nd rocky habitats fished with longlines), were sampled. The use
f several fishing gears further diminishes the selectivity effect
f particular fishing gears that can lead to a skewed distribution
f the sample.

As stated by Clarke and Irvine (2006), prior to the exam-
nation of growth bands, spine growth should be investigated
y measuring spine morphometrics and comparing these with
he individual total length. In this work, significant relationships
ere found between specimen length and several spine mor-
hometrics. Therefore, prior to determination of age, there was
lready evidence that the growth of spines is proportional to
pecimen growth and therefore spines could be suitable for esti-
ating age. In addition, relationships between specimen length

nd spine weight were also investigated and again positive and
ignificant relationships were found, thus confirming the rela-
ionship between spine and specimen growth.

During this study, age was estimated based only on the inner
entine layer of the second dorsal spine. The reason for choos-
ng this spine instead of the first dorsal spine is that preliminary
nvestigations showed that the first dorsal spines were often more
amaged than the second. This same situation has been observed
n other deep water squalid sharks such as Centroselachus crep-
dater in Tasmanian waters (Irvine et al., 2006b), with these
uthors choosing the second dorsal spine for the same reason.
rvine et al. (2006a) estimated ages of Etmopterus baxteri from
asmanian waters based on both the inner dentine layer and on

he exterior bands of the spines, with significant discrepancies
ound between the two techniques. Irvine et al. (2006a) hypoth-
sized that the inner dentine bands may underestimate age of the
lder specimens. In the present case, given that the relationship
etween spine radius, where the dentine is deposited, and spec-
men growth are linear for the entire length distribution of the
pecies, we do not believe that the deposition of this layer stops
n the older specimens. Therefore, only the inner dentine layer
as used for age estimation. Nevertheless, future work should

lso investigate the exterior enamel of the spines.
The validation of age estimates is a fundamental aspect of age
nd growth studies (Cailliet et al., 1986, 2006; Cailliet, 1990;
ampana, 2001; Cailliet and Goldman, 2004). In this study, age
stimations were validated by the MIR analysis, which is one
f the most commonly used techniques for validating annual
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rowth band deposition in elasmobranch fishes, including sharks
e.g. Simpfendorfer, 1993; Conrath et al., 2002; Carlson and
aremore, 2005) and rays (e.g. Neer and Thompson, 2005b;
mith et al., 2007).

According to Campana (2001), the MIR analysis is not one of
he most accurate for validating ages and this author only classi-
ed it in seventh place among 16 possible techniques. However,

he techniques that Campana (2001) recommends over the MIR
nalysis are not applicable to E. pusillus. Examples of such tech-
iques are the release of tagged fishes of known age, which
mplies that the species must be bred in captivity; bomb radio-
arbon validation, which implies that at least some specimens
ust have been born before the 1960’s when the 14C in the world

ceans increased significantly; or tagging fishes with oxitetra-
ycline, which implies that specimens must be caught, tagged
nd released without significant mortality. Given that this deep
ater species can not be bred in captivity, that there are no indi-
iduals born before the 1960’s and that catch related mortality
s high, it is not possible to use capture/tag/recapture or bomb
adio-carbon techniques. Thus, we think that MIR analysis is
he best available technique for this species.

However, Campana (2001) also recognized that the MIR anal-
sis can be used successfully if some assumptions are respected,
amely (1) measuring blindly the structures, without knowledge
f the date of capture, (2) observing at least two complete band
orming cycles, (3) making an objective interpretation of the
esults, ideally with the resource of statistics and (4) analysing
ew age groups at a time. In this work, we effectively respected
hree of these assumptions, with the only shortcoming being
he fact that due to sampling restrictions we analyzed only one
nstead of two complete cycles. However, given that all other
ssumptions were respected, we are relatively sure that the age
alidation procedure used in this study is robust and effectively
roves that in this species one pair of bands (one opaque and
ne hyaline) is formed each year. The only study known at this
oint where age validation was accomplished for dorsal spines
ased on bomb radiocarbon is a recent study by Campana et al.
2006) where age was validated for the external enamel bands
f Squalus acanthias.

Although the von Bertalanffy growth curve is the most widely
sed to model the growth of fishes (Katsanevakis, 2006), several
uthors have shown that alternative models can provide better
ts to age and growth data for some elasmobranch species. In this
tudy, and even though the VBGF produced good fits and bio-
ogically sound results, additional growth curves were used for
omparison purposes. Examples of successful alternative growth
odels applied to elasmobranch fishes include the logistic model

pplied to the big skate, Raja binoculata, the longnose skate,
aja rhina (McFarlane and King, 2006) and the spinner shark,
archarhinus brevipinna (Carlson and Baremore, 2005), the
ompertz model applied to the cownose ray, Rhinoptera bona-

us (Neer and Thompson, 2005b) and the VBGF with known size
t birth applied to the bull shark, Carcharhinus leucas (Neer and

hompson, 2005a).

The selection of the most adequate model to explain the
rowth of a species varies between studies. Some authors use
he coefficient of determination or parameters such as the lowest

n
m
m
t
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ean square error of the regressions as measures of the adequacy
f the models (e.g. Carlson and Baremore, 2005). Katsanevakis
2006) suggested the use of the Akaike information criterion
Shono, 2000) as the most efficient model selecting tool and
resented several examples where the most adequate model
ccording to this criterion is not always the model with the largest
oefficient of determination.

Therefore, the Akaike information criterion was used to eval-
ate the information that each model was contributing and the
kaike differences used to assess the extent of the contribution
f the alternative models. According to Katsanevakis (2006),
he lower the value of the �i the more support an alternative
odel has, with models with �i > 10 having essentially no sup-

ort, and models with �i < 2 having substantial support. In this
ase, all size at age based models, both in males and females
roduced values of �i < 2, meaning that every model tested in
his study fits and can support the data. Although the VBGF with
xed size at birth proved to be the worst model in every case,

he Akaike differences were minimal, indicating that the data
et had enough small and young specimens, and that the size at
irth observed during the surveys and used in this model is prob-
bly adequate. For weight at age data, the Gompertz model was
he best for male growth while the VBGF model was better for
emale growth. However, in the case of males, the VBGF model
lso proved to be relatively good, only exceeding the optimum
alue of �i (2) by a small amount, while the �i value showed
o support for the Gompertz model for females.

Even though this is a relatively small species, it is noteworthy
hat it is long lived and has a relatively slow growth rate. In the
nly other study on age and growth of another Etmopteridae
hark, Irvine et al. (2006a) also reports that the giant lantern
hark, E. baxteri in Tasmanian waters, is long lived and slow
rowing. Specifically, Irvine et al. (2006a) reported values of
inf and k of 60.6 and 0.082 for males and 68.1 and 0.040 for
emales based on the external dorsal spine bands and of 59.6 and
.163 for males and 69.3 and 0.116 for females based on data
rom dorsal spine sections.

Since in mature females ovarian stages and uterine stages did
ot occur at the same time in pregnant females, we can conclude
hat this species needs a resting phase after parturition, during
hich the oocytes in the gonads mature for the next cycle. This

ituation has significant implications for management and con-
ervation, since this species needs two reproductive seasons to
omplete one reproductive cycle: one season for the develop-
ent of the oocytes in the gonads followed by one season for

he development of the embryos in the uterus. Other deep water
qualid sharks have been described to have long gestation peri-
ds such as the Centroscymnus coelolepis (Clarke et al., 2001),
he Squalus megalops (Watson and Smale, 1998; Braccini et
l., 2006; Hazin et al., 2006) and the Centrophorus cf. uyato
McLaughlin and Morrissey, 2005).

Uterine reproductive stages were rarely found during this
tudy. Several authors have found similar patterns of rare preg-

ant females during their surveys and suggestions have been
ade that pregnant females of some deep water squalids may
ove into nursery areas, probably in deeper waters, for parturi-

ion. This has been hypothesized for Centroscymnus owstoni and
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. coelolepis in Japan (Yano and Tanaka, 1988) and Centroscyl-
ium fabricii and Etmopterus princeps in Iceland (Jakobsdottir,
001), and we think that a similar situation occurs with E. pusil-
us off southern Portugal.

During this study, it was difficult to establish a definitive
eproductive season for E. pusillus. It is worth noting that both
ature females with ripe oocytes and pregnant females occurred
ostly during the winter, specifically from November to April,

ut the low sample size of both mature and pregnant females may
ave influenced this analysis. On the other hand, active males
ere recorded throughout the year, suggesting there is no clearly
efined reproductive season. Other authors have found a lack
f seasonal reproductive pattern in deep water squalid sharks,
ncluding C. fabricii and E. princeps in Iceland (Jakobsdottir,
001) and Etmopterus granulosus in New Zealand (Wetherbee,
996). On the other hand, Flammang et al. (2006) found sea-
onal reproductive patterns in several oviparous deep water
cyliorhinidae sharks, based on gonadosomatic indices varia-

ions throughout the year.
E. pusillus in Portuguese waters matures relatively late in

ts life cycle. Coelho and Erzini (2005) presented preliminary
esults regarding size at maturity for this species that are very
imilar to the final results now presented in this work. This infor-
ation is also now complemented with age at maturity estimates

ot previously reported. Cortés (2000) examined 164 species of
harks and concluded that on average, maturity occurs at around
5% of the maximum size and around 50% of the maximum
ge. The values obtained during this study were a little higher,
amely 86.81% for females and 79.40% for males for size based
ata and 58.02% for females and 54.86% for males for age
ased data. The size at maturity estimated by the maturity ogives
esulted in maturity estimates similar to what was observed by
he growth of the sexual characters, specifically clasper length
n males and the uterus width in females. In this study, females

atured at significantly larger sizes and older ages than males.
exual dimorphism in terms of size-at-maturity is common in
lasmobranch fishes, with females usually maturing later and
t larger sizes than males. This sexual dimorphism has been
escribed previously for the Etmopterus genus by Jakobsdottir
2001) for E. princeps and by Irvine et al. (2006a) for E. baxteri.
bert (2005) studied reproductive patterns of several deep water
kates along the Bering Sea and concluded that size at maturity
ccurred at >80% of their TL.

E. pusillus is an aplacental viviparous shark with a relatively
ow fecundity. The differences observed between the ovarian
nd the uterine fecundities may be explained by two hypothe-
es: (1) that part of the ripe oocytes present in stage 3 females
ever develop into embryos or (2) that since this is an aplacental
pecies, without an umbilical cord connecting the mother to the
mbryos, it is possible that the stress produced during the fish-
ng process leads to the release of some of the embryos in the
terus of pregnant females. During the sampling process aboard
he fishing boats, and while the specimens were deposited in

oxes for later processing, it was common to observe middle
erm embryos in the middle of the catch. This observation sup-
orts the second hypothesis, indicating that there is indeed a
oss of embryos by pregnant females during the fishing process.

C

C
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herefore, fecundity in this species should be estimated by the
varian fecundity and not by uterine fecundity, since the latter
ay tend to underestimate this parameter.
In this species, no significant relationship was observed

etween the female total length and the number of ripe oocytes
n the gonads. However, we must emphasize that this partic-
lar analysis may have been conditioned by the small sample
ize and the limited size distribution of mature females stud-
ed. Other species of deep water viviparous sharks such as C.
wstoni and C. coelolepis in Japan (Yano and Tanaka, 1988)
ave significant relationships between female size and fecun-
ity. Morphologically, these relationships are sound since in
iviparous species the number of oocytes in the gonad, and after
ecundation, the number of embryos in the uterus are limited by
he size of the abdominal cavity, which increases with increasing
pecimen size.

In conclusion, this study suggests that E. pusillus in the
E Atlantic has a vulnerable life cycle, a situation previously
escribed for several other deep water squalids. Several deep
ater fisheries operate in the area and there are no perspectives
f a decrease of effort or a reduction of the discards in the near
uture. Even if effective management and conservation plans
re implemented for deep water shark species in the future, dis-
arded species such as E. pusillus, where accurate catch data
s extremely difficult to obtain, will still remain a problem for

anagement and conservation.
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