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h i g h l i g h t s

• The demography of Isogomphodon oxyrhynchus indicates a sharp decline in population.
• The juveniles were the most important for the sustainability of the species.
• The daggernose shark was one of the least resilient shark of northern Brazil.
• Fishing mortality was the cause of the daggernose shark collapse.
• The species is considered well on the way of extinction.
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a b s t r a c t

The daggernose shark, Isogomphodon oxyrhynchus is endemic to the northern of South
America from Trinidad and Tobago to Tubarão bay in Maranhão state (Brazil) where
collapsed since the 1990’s, due to several gillnet fisheries for teleost fishes, fisheries
targeting sharks, including the daggernose shark, itself, and trawling for shrimp. Based on
gillnets with meshes 80–>200 mm, we analyzed the intrinsic and extrinsic vulnerabilities
of the species through different scenarios investigating the species’ resilience. Samples
were collected from December 1989 to September 1991, off the coast of Maranhão.
Mortalities wereM = 0.188 and Z = 0.653 formales and 0.725 in females. Only a scenario
without fishing allowed for the population to remain in equilibrium. The survival of young
specimens between 1 to 6 years was critical to sustainability according to elasticities that
exceeded 70%. The intrinsic rebound (rz ) of 0.039, demonstrated the species low resilience.
An unsustainable exploitation was revealed for different ages at first capture (tc ) when
the maximal yield per recruit (YPR) provided Fmax (0.15), below the actual F = 0.47 in
1991 when an exploitation rate E = 0.72 was obtained. Using data collected in 1980/1990
the species was globally categorized in 2006 as critically endangered (CR) similar to
assessments in Brazil in 2004. After a three-generation period the species, which did not
recover, is now collapsed matching the predicted quasi-extinction condition which claims
for urgent and effective conservation measures.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The daggernose shark (Isogomphodon oxyrhynchus, Müller and Henle 1839) occurs along the northern coast of South
America, in an area limited in the North by Trinidad and Tobago and in the South by the Tubarão bay in the Brazilian state
of Maranhão (2°30′S/43°30′W), where the species has its southern most confirmed registration. The distribution area also
includes Suriname, the Guyanas and the states of Amapá and Pará in Brazil (Bigelow and Schroeder, 1948; Lessa and Araújo-
Filho, 1984; Barthem, 1985; Lessa et al., 1999; Léopold, 2004). Along the area the daggernose shark is also named ‘‘quati’’ or
‘‘pato’’ (Brazil) and ‘‘bécune’’ or ‘‘demoiselle’’ (French Guyane) (Fig. 1).

The species dwells in an area with a hot humid climate, in shallow and highly turbid waters derived from the drainage
of numerous large rivers composing the Amazonian Estuary where muddy bottoms, covered by mangroves dominate along
a well indented coastline with tides attaining a height of 7 m (Lessa et al., 1999; Léopold, 2004).

The range of distribution of the daggernose shark situated this species among the living sharks which occupy the
narrowest areas in the world (Lessa et al., 2000) with records of occurrence to the south of Maranhão state in Brazil and
to the north/west of Trinidad and Tobago, never confirmed (Casselberry and Carlson, 2015).

In the study area, the daggernose shark ranked fourth and first most abundant by-catch species in gillnets, the main
gear targeting the Brazilian Spanish mackerel, Scomberomorus brasiliensis Collette, Russo and Zavalla-Camin (1978), and the
weakfish Cynoscion acoupa, (Lacepéde, 1801), respectively, during the 1980’s and 1990’s. Overall, the species corresponded
to about 10% of shark captures of the first quoted exploitation, reaching 71 kg/km−1 in the second (Lessa, 1986; Stride et al.,
1992). The daggernose shark was also caught as a bycatch species in gillnets targeting the gillbacker-sea-catfish (Sciades
parkeri), as a target in gillnets fisheries off the Amapá (Brazil) (Nascimento and Asano-Filho, 1999), in trawlings directed to
Penaeus spp and in longlines all over the area (Frédou and Asano-Filho, 2006). In consequence, since the 1990’s, catches have
decreased in abundance by 90% (Lessa et al., 2006; Rodrigues-Filho et al., 2009; Almeida et al., 2014) leading the daggernose
shark to be assessed by the IUCN as Critically Endangered-CR in 2006.

Although population data is lacking for Trinidad and Tobago, in the Guyanas and Suriname, the decline of the species in
these countries should be similar to what happened in Brazil due to high fishing pressure over the targeted species. Also,
the high value of by-products of teleosts (Almeida et al., 2014) and fins of sharks boosted gillnet fisheries.

The available information on the daggernose shark, apart from the taxonomic descriptions (Bigelow and Schroeder, 1948;
Compagno, 1984) and paleontological records (Bassedick et al., 1984), is restricted to the northern Brazilian coast focusing
on abundance (Lessa, 1986; Stride et al., 1992; Frédou and Asano-Filho, 2006), community studies (Lessa and Menni, 1994),
reproduction (Stride et al., 1992; Lessa et al., 1999), age and growth (Lessa et al., 2000) and genetic studies by Rodrigues-
Filho et al. (2009). Despite them, information about the resilience of the species is limited, not allowing the identification of
the actual conservation status.

In the current study we analyzed the collapse of the daggernose shark in a large part of its habitat, off northern Brazil.
For this, we proposed likely scenarios built using different levels of natural mortality with the aim of estimating intrinsic
susceptibility. By employing age-based approaches (catch-curves and YPR) we analyzed the fishing mortality in the 1990’s.

2. Material and methods

Data on the biology of I. oxyrhynchus was obtained on the west coast of Maranhão state (46°W to 43°40′00′′W) (Fig. 1)
where 1135 individuals were collected using gillnets from December 1989 to September 1991. Overall, data came from
fisheries surveys, aimed at developing shark fishing, which was common place at that time (Stride et al., 1992). Also, data
collected from 1987 to 1989 in artisanal fishing operations for Scomberomorus brasiliensiswere used (Lessa et al., 1999).

Length frequency distributions using total length (TL) were established by sex with overall sexual proportion of 1 male:
1.26 females. Males (n = 503) were between 60.6 and 127 cm, the mean length (x̄) being 98.7 cm, with standard deviation
(SD) = 1.4 cm, and median size (x̃) 99 cm; whereas females (n = 632) measured from 58 to 160 cm, with the mean length
x̄ = 121.8 cm, with standard deviation (SD) of 2.5 cm, and median size x̃ = 128 cm.

Information on age and growth was provided through vertebral analysis (Lessa et al., 2000). The growth model was
combined as therewas no difference between sexes. The vonBertalanffy growth parameterswere obtained: L∞ = 171.4 cm;
K = 0.121 and t0 = −2.612 years. Maximal age (tmax) in the study sample was 12 years, with first maturity achieved (tmat)
at 6.6 years. Furthermore, the ratio of embryos by sex was 1:1 and the size at maturity was estimated at 115 cm TL for
females (Lessa, 1987; Stride et al., 1992; Lessa et al., 1999).

Stride et al. (1992) analyzing 53 pregnant females observed fecundity ranging from 1 to 8 embryos, leading to the mean
of 4.85 embryos (SD = 1.56 embryos). The gestation period extends over one year, with a resting period seeming to occur
between two successive cycles (Lessa et al., 1999). Thus, as for several species of the Carcharhinidae family, the reproductive
cycle in the current study was 2 years. The fertility (mx) of the species (i.e.: females embryos born of each pregnant female
per year) resulted in a mean value of 1.21.

The instantaneous rate of mortality (Z) allowed for the estimation of intrinsic susceptibility and to infer the vulnerability
of the population without fishing exploitation. For natural mortality (M), nine age-independent and two age-dependent
methods were considered, all based on parameters of life history of the species. Weight–length relationship of females,
used for obtaining (M) through the Peterson and Wroblewski approach was: W = 0.0022TL3.1514(r2 = 0.9692; n = 110)
(Lessa et al., 1999).
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Fig. 1. Geographic range area (between arrows) of Isogomphodon oxyrhynchus.

The rate of total mortality (Z) estimated by using the catch-curve (Ricker, 1975) took into account different sexes. The
total mortality (Z) was split into natural mortality rate (M) and fishing mortality rate (F); survival values (S) for each
mortality rate were estimated using: S = e−Z (Ricker, 1975).

Additionally, aiming at analyzing the fishing levels to which the daggernose shark was subjected we calculated E = F/Z
(Pauly, 1980), which allowed the rough assessment of whether the stock was overfished or not—on the assumption that the
optimal is E ≈ 0.5, which provides a reference point for sustainability.

The age-based Leslie matrix of the PopTools program (Hood, 2006) of the Microsoft Excel software was employed. The
age-based matrix (L) was a Leslie population projection matrix, adopting a pre-breeding census (reproduction first, then
survival):

L =


f0 f1 f2 · · · fx
s0 0 0 0 0
0 s1 0 0 0
0 0 · · · 0 0
0 0 0 sx−1 0


in which fx = sx × mx and sx are the annual survivorship term for age x, and fx represents age-specific fecundity rate per
capita.

On the basis of Leslie matrix (L), the population parameters were obtained employing the formula by Simpfendorfer
(2005): R0 (expected number of replacements or net reproductive rate), T (generation time or time for increase in R0), r
(intrinsic rate of population growth or rate of increase) and λ (finite rate of population growth) (Mollet and Cailliet, 2002).

The matrix L, to estimate the stable age distribution and elasticities (eij), corresponding to the survivorship by age
and fertility were used. For elasticity estimations of λ (proportional change in λ for proportional changes in matrix L,
denominated aij), the values of each age and fertility are additive. Thus, the sum of these elasticities values define the
proportional contribution of aij to the overall population λ. Elasticity is calculated as:

eij =
aij
λ

∂λ

∂aij
.

Also, the intrinsic rebound potential or intrinsic rate of increase (rZ ) for I. oxyrhynchuswas estimated according to Smith
et al. (1998).

For female abundance in the exploited population of Maranhão, themethods by Krebs (1998) were used. The Eberhardt’s
removal method allowed inferences on population size, considering the removal (before and after) of a given number of
individuals, and the use of indices to estimate absolute density. Thus, the population size for both sexes was worked out.
The formula for population size


N̂


was: N̂ =

x1R
x1−x2

, where x1 and x2 were the index at time 1 and 2, and Rwas the number
of animals removed.
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Fig. 2. Age frequency distribution of males (black bars) and females (white bars) of Isogomphodon oxyrhynchus off northern Brazil (Maranhão).

The information on abundance was used to estimate the quasi-extinction (Qt) rate. According Otway et al. (2004), Qt is
defined as the time necessary for the population to be reduced fitting the IUCN criterion for species classified as Critically
Endangered.

Qt =

ln


Nt
N̂1


ln λ

and Nt = N̂1ert

where t is the time of quasi-extinction (Qt), Nt is the final population size (250 females) and N̂1 is the initial population size
(abundance).

The fishing mortality rate necessary to drive the species to extinction (Fextinct) was estimated according to Garcia et al.
(2008). This mortality rate is equivalent to the maximum intrinsic rate of population increase (rmax), which is a standard
measure of population productivity (Dulvy et al., 2004) and of extinction risk. The estimated Fextinct was obtained from
interactions using the equation:

mx = e

Fextinct×[tmat−tc+1]×


1−e(−M+Fextinct )


where tc is the age at first capture or the age at which fishes enter the fishery.

Moreover, through the yield per recruit model (YPR) we considered strategies of exploitation for age at first capture tc ,
determined from the age frequency distribution—ages 3–6 years. The intention was to estimate the fishing mortality (Fmax)
that would guarantee the stock replacement, allowing comparisons between (Fmax) and the actual value of F . In this way,
we inferred how much the level of sustainability had been extrapolated. Using this approach our aim was to explain the
declines experienced by the stock.

The yield per recruit (YPR) was estimated following the model by Gulland (1983):

YPR = F × exp[−M×(tc−tr )] ×W∞ ×


1
Z

−
3S

Z + k
+

3S2

Z + 2k
−

S3

Z + 3k


where tr is the age of recruitment to fisheries;W∞ is the asymptoticweight and S corresponds to the equation exp[−k×(tc−t0)].

3. Results

Age distribution of males and females sampled showed significant differences (Mann–Whitney U-test, P < 0.001)
ranging from 1.0 to 8.6 years for males (x̄ = 4.6 years, x̃ = 4.5 years, s = 1.4 years) of which 89.9% were juveniles. On
the other hand, the majority of females (76.3%) were adults, aged from 0.8 to >12 years (x̄ = 8.0 years, x̃ = 8.7 years,
s = 2.5 years) (Fig. 2) (see Table 1).

Mortality rates (M) ranged from 0.447 for age 0 to 0.062 for age 12, according to the Chen and Watanabe’s method.
Considering age independent approaches the estimated M ranged from 0.182 using Jensen 2 to 0.384 using the Mollet and
Cailliet’s method (Table 2). The average rate of natural mortality and rate of survival for all ages and all methods were 0.266
(SD = 0.081) and 0.769 (SD = 0.063), respectively. The rate of total mortality estimated from the catch curve for females
was 0.653,whereas formales itwas 0.725 (Fig. 3), corresponding to survival rates of 0.520 and 0.484 respectively. Taking into
account the natural mortality of 0.188, fishing mortality rates (F) for males and females were 0.537 and 0.465 respectively,
resulting in exploitation rates (E) of 0.741 and 0.712, indicating overexploitation.
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Table 1
Methods and formulae used to estimate natural mortality (M) of Isogomphodon oxyrhynchus. L∞—asymptotic length, K—
growth coefficient, T—mean annual water temperature (28 °C), tmat—Age at female maturity, tmax—maximal age observed,
Wt—weight (in grams) of the specimen at age t and t0—theatrical age at zero length.

Method Equation

Age-independent
Pauly (1980) lnM = −0.0152 − [0.279 ln (L∞)] + [0.6543 ln (K)] + [0.463 ln (T )]
Jensen (1996) 1 M = 1.6K
Jensen (1996) 2 M = 1.5K

Jensen (1996) 3 M =
1.65
tmat

Rikhter and Efanov (1976) M =


1.521
t0.72mat


(−0.155)

Hoenig (1982) for teleosts lnM = 1.46 − 1.01 [ln (tmax)]

Hoenig (1982) for cetaceans lnM = 0.941 − 0.873 [ln (tmax)]

Hewitt and Hoenig (2005) M =
4.22
tmax

Mollet and Cailliet (2002) M =
ln(0.01)
tmax

Age-dependent
Peterson and Wroblewski (1984) M = 1.92 W−0.25

t

Chen and Watanabe (1989) M(t) =
K

1−e−k(t−t0)
 , M(t,tmax) =


1

(tmax−t)


× ln


(eK tmax−eK t0)
(eK t−eK t0)



Table 2
Demographic parameters and elasticities byM method (e1 , e2 and e3 = sum of elasticities of fertility, juvenile survival and adult survival, respectively) of
Isogomphodon oxyrhynchus.

Method M value λ r (year−1) R0 T (years) e1 e2 e3

Peterson andWroblewski (1984) 0.431–0.179 0.950 −0.053 0.667 9.184 0.110 0.662 0.227
Chen and Watanabe (1989) 0.447–0.066 0.987 −0.014 0.932 9.406 0.108 0.647 0.245
Pauly (1980) 0.275 0.941 −0.062 0.624 8.907 0.112 0.674 0.213
Rikhter and Efanov (1976) 0.237 0.976 −0.026 0.852 8.965 0.112 0.674 0.214
Hewitt and Hoenig (2005) 0.352 0.870 −0.140 0.319 8.959 0.113 0.676 0.211
Hoenig (1982) for teleosts 0.350 0.872 −0.138 0.323 8.961 0.113 0.676 0.211
Hoenig (1982) for cetaceans 0.293 0.923 −0.081 0.525 8.974 0.112 0.675 0.213
Jensen (1996) 1 0.194 1.018 0.016 1.243 8.987 0.112 0.673 0.215
Jensen (1996) 2 0.182 1.034 0.032 1.430 8.934 0.112 0.672 0.216
Jensen (1996) 3 0.251 0.960 −0.042 0.743 9.974 0.112 0.674 0.214
Mollet and Cailliet (2002) 0.384 0.842 −0.173 0.244 8.958 0.113 0.677 0.210

Fig. 3. Catch curve of males (circles) and females (triangles) of Isogomphodon oxyrhynchus caught off northern Brazil (Maranhão). Black points were used
for the regression to estimate Z .

If we consider scenarios built using natural mortality rates, obtained through distinct approaches, there were not large
variations between demographic parameters, with a λ around the mean of 0.943 (SD = 0.062). The majority of scenarios
displayed values below the equilibrium (λ < 1) and the fertility elasticity (e1), and survival elasticities of juveniles (e2) and
adults (e3) showing also narrow ranges (Table 2).
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Table 3
Demographic parameters (with lower/upper approximate confidence limits) and elasticities by scenario 1 (M = 0.188 constant for age class), 2 (Z = 0.653
from the fishing recruitment age of nine years-old for females) and 3 (Z = 0.391 between age classes four and nine years-old, corresponding to proportion
of Z for males) of Isogomphodon oxyrhynchus.

Scenario λ r (year−1) R0 T (years) e1 e2 e3

1 1.029 0.028 1.288 8.926 0.113 0.675 0.212
2 1.003 0.003 1.030 8.424 0.119 0.713 0.169
3 0.909 −0.095 0.453 8.305 0.119 0.715 0.166

Fig. 4. Finite rate of population growth (λ) values (mean – point and standard deviation – bars) for different scenarios of Isogomphodon oxyrhynchus
population caught off northern Brazil (Maranhão). The dashed line corresponds to the population equilibrium (λ = 1).

Fig. 5. Frequency distributions of simulations by scenario of life-history table (1000 finite rate of population growth—λ) of Isogomphodon oxyrhynchus
captured off northern Brazil (Maranhão). Histograms are presented for scenarios simulating constantM by age class (gray bars); F starting from the age of
fishery recruitment for females (white bars) and the current scenario (F starting from the age of recruitment for males and females—black bars).

Although therewas little variation in demographic parameters and in elasticities, formost naturalmortality rates, λwere
smaller than 1, indicating natural declines of the population, which explains why they were not considered. Instead, only
the mean natural mortality obtained through Jensen 1 and 2 were chosen, leading toM = 0.188 (S = 0.829).

Three scenarios were deemed for the demography of I. oxyrhynchus. In the first one, the median natural mortality rate
through the method of Jensen 1 and 2 for all ages, replicated a hypothetical scenario of absence of fishing exploitation. As
expected, this scenario led the population near the equilibrium, with annual increase of population of 2.8% (Table 3) and
λ > 1 (Figs. 4 and 5).When analyzing the stable age distribution and elasticities by age class in this scenario, the importance
of the survival of the young (<7 years) in this population is evident, with proportion of stable age distribution and elasticity
for this phase corresponding to 78.5 and 67.5% (Figs. 6 and 7).
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Fig. 6. Stable age distribution (A) and elasticity (B) by stages of life cycle (0 = Neonates, 1–3 years = juveniles; 4–6 years = large juveniles—subadults;
7–8 years = adults and >9 years = large adults). Scenarios are represented by gray (1), white (2) and black columns (3).

Fig. 7. Elasticity for each scenario; bars represent fertility elasticity (black) and survival elasticity for juveniles (white) and adults (gray).

In scenario two a total mortality rate of (0.653) was estimated for females from the fishing recruitment age of 9 years,
which led the population close to the equilibrium (Table 3, Fig. 4)—with 50% of λ values greater than 1 (Fig. 5). The highest
importance of the survival was estimated for young totaling 79.7% and the elasticity of 71.3% (Figs. 6 and 7).

The third scenariowas considered themost plausible and accurate, as it took into account totalmortality ofmales, starting
with 4 years of age. Some females were also captured before fishing recruitment at 9 years. On the base of total mortality
rate for males (Z = 0.725), the proportional value of Z to the number of females in age classes 4–8 years led to Z = 0.391.
For this scenario, the mortality rate M (0.188) was used for age classes between 0 and 3 years, Z = 0.391 was used for age
classes between 4 and 8 years, and 0.653 for ages 9 and older. The population decline was more important, with an annual
population decrease of about 10% (Table 3, Fig. 4), and only 3% of λ values greater than 1 (Fig. 5). Furthermore, it is clear
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Fig. 8. Yield per recruit (YPR) curves by fishing mortality (F) for age at first capture (tc) of 3 (simple line) and 6 (bold line) years (A) and with different
values of tc when applying a value of FMSY (B) of Isogomphodon oxyrhynchus. tcMSY corresponding to age at first capture to maximum sustainable yield.

that the survival of young aged between 1 and 6 years was critical to the population (Fig. 6), with about the same values of
elasticity as in scenario 2 (Fig. 7).

The population size of 4252 individuals was estimated. Thus, we considered 4000 as the number of females
in the population, which would become extinct in 29 years (Qt), when that number would be reduced to 250
females, thus leading the taxon to be included into Critically Endangered category according to Criteria of IUCN
(Standards and Petitions Subcommittee, 2014).

The three scenarios show the importance of the survival of young females. The elasticities and age distribution reveal that
the females in the younger classes were the most important, since they represented more than 70% of elasticities (Fig. 5).
The intrinsic rebound (rZ ) was 0.039, confirming the low resiliency of the species.

The Fextinct which was 0.535 for I. oxyrhynchus, higher than the fishing mortality rate (F) for females (0.465) and near to
the F value of males (0.537), constitutes a mortality close to the level that could drive the species to extinction.

Regarding the YPR, we assumed that the age of first capture was 3–6 years, implying that 50% of the fishing stock would
be in that range. The Fmax (F ≈ 0.15) attained the maximal MSY, for a tc of 2.9 years, declining soon after, as F increased
(Fig. 8).

4. Discussion

4.1. Intrinsic and extrinsic susceptibilities

In the current assessment, daggernose sharks are assumed to be a single population along the area from Trinidad
and Tobago to Maranhão at Tubarão Bay (2°30′S/43°30′W), which is supported by consistent population parameters and
seasonal movements. In the current study we showed that juveniles dominate in catches of different mesh sizes. Overall,
fishing nets employed to catch the Brazilian Spanish mackerel, the weakfish, the gillbacker-sea-catfish, captured the entire
range of sizes of the studied species. However, size composition in shrimp trawls and in bottom longlines targeting the
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Table 4
Comparative finite rate of population growth (λ), generation time (T ) and elasticities (e1 = sum of elasticities of fertility,
e2 = sum of juvenile survival and e3 = sum of adult survival) values for coastal carcharhinid sharks. All values
were estimated using only natural mortality by Peterson and Wroblewski (1984) method, in Cortés (2002) (except for
Isogomphodon oxyrhynchus of present study).

Species λ T (years) e1 e2 e3

Carcharhinus acronotus 0.847 4.2 0.191 0.472 0.336
Isogomphodon oxyrhynchus 0.950 9.2 0.110 0.662 0.227
Carcharhinus limbatus 0.974 10.0 0.093 0.600 0.306
Carcharhinis leucas 0.998 21.6 0.044 0.774 0.181
Carcharhinus plumbeus 1.022 19.8 0.048 0.693 0.259
Carcharhinus obscurus 1.030 26.2 0.037 0.679 0.285
Carcharhinus brevipinna 1.037 10.4 0.088 0.614 0.298
Rhizoprionodon terranovae 1.056 4.9 0.169 0.475 0.356
Negaprion brevirostris 1.064 16.4 0.057 0.700 0.242
Rhizoprionodon taylori 1.073 2.9 0.261 0.227 0.512
Carcharhinus porosus 1.086 8.4 0.107 0.582 0.312
Galeocerdo cuvier 1.246 10.9 0.084 0.699 0.217

weakfish throughout the area remains still unknown (Frédou and Asano-Filho, 2006). The combined effect of several gear
fishing on a highly threatened species render possible the access to shelter areas thus exceeding the growth capacity of the
already reduced population (Vooren and Klippel, 2005).

Among biological traits that resulted in low intrinsic population growth rates for the daggernose shark [low fecundity,
2–8 embryos, one year gestation period and an assumed biennial reproductive cycle], the average natural mortality rate (M)
of 0.266 (ranging from 0.447 for age 0 to 0.062 for age 12) was consistent with findings for the Carcharhinidae family (Smith
et al., 1998; Santana et al., 2009). Also, small coastal sharks may haveM , equal to or higher than 0.2, as happens to Squatina
californica (Cailliet et al., 1992), Rhizoprionodon terraenovae (Cortés, 1995). In the case of I. oxyrhynchus, M higher than 0.2,
implied population decrease, which is compatible with large coastal sharks, demonstrating the species low resilience. Thus,
when using only the Jensen (1996) 1 and 2models, the resultingM = 0.188 (S = 0.829) allowed the population to increase
to close to the equilibrium, justifying the choice of such an approach.

Differentmethods provided varyingM values for I. oxyrhynchus, as those obtained for coastal sharks like C. isodon (Carlson
et al., 2003). However, there is no consensus on methods for M estimations, due to the uncertainties and performance of
each method.

Amean λ around 0.943 (SD = 0.062) led for most scenarios to values below the equilibrium (λ < 1), while fertility elas-
ticities (e1), and elasticities of juveniles (e2) and adult survival (e3) showed small variations. Furthermore, the daggernose
shark’s low resilience is corroborated by its productivity (rZ ) that is close to that of large coastal sharks, the most vulnerable
group among all sharks. This productivity is inversely proportional to the age of sexualmaturation (Smith et al., 1998), which
in I. oxyrhynchus starts from 7 years, leading to a low rZ , which reinforces the species vulnerability to overexploitation.

According to the stable age distribution and elasticities, young females between 1 and 6 years accounted for 65%–70%
of the population. Elasticities corresponding to the survival of young individuals were most significant for I. oxyrhynchus,
identical to species studied by Cortés (2002) (Table 4). These results imply that gillnets with smallermeshes caused themost
damage, since catches of younger individuals occurred in higher numbers.

In all, prevalence of juveniles in catches was considered to be determinant for the collapse of the daggernose shark, since
results demonstrated that theywere themost important for the sustainability. Overall, the elasmobranchs have low fertility,
a trait that is particularly important in the present study. Low fertility of I. oxyrhynchus, combined with high catchability of
young individuals, determined a low λ, revealing that the species was one of the least resilient of coastal sharks (Table 4).

The highmortality rates of young individuals caused a significant decrease in the reproductive stock, leading the number
of new recruits to diminish, thus contributing to population reduction.

Among the extrinsic causes of risk, fishing mortality (F) appears as the main stressor when the species displays high
catchability (Dulvy et al., 2004). Thus, among methods for assessing population vulnerability, the yield per recruit model
provides a reference point for the limits of declines beyond which populations are at risk (Cortés, 2002).

In this regard, total mortality rate Z = 0.653 for females, led to a fishing mortality of F = 0.47 and to an exploitation
rate (Gulland, 1983) E = 0.72, indicating that the daggernose shark capture was unsustainable. Furthermore, when YPR
was analyzed, unsustainable exploitation was also revealed for any age at first capture (tc) since the estimated F value
(F = 0.47) was far beyond the Fmax, which would guarantee the stock replacement. In most elasmobranch studies, the
predicted maximum YPR was considered unlikely to be sustainable (Cortés, 2001). Thus, Waring (1984), obtaining Z from
age-based catch curves concluded that the F value which maximized YPR, could lead to overexploitation due to low fertility
of Raja erinacea. On the contrary, the current study, Fmax being quite low, showed low productivity of the population that
led to the daggernose shark’s collapse, since the ability to withstand that level of mortality was exceeded.

In addition, the YPRmodel showed important declines for each (tc) soon after the Fmax was attained, corroborating with
results of scenarios above, built for estimating the intrinsic susceptibility that led the population to drop—meaning that the
species was only able to put up with very low fishing mortality.
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Furthermore, the most likely scenario (M = 0.188) for age classes 0–3 years, Z = 0.391 for age classes 4–8 years, and
0.653 for ages 9 and older, in which an annual estimate of population decreased of 17%, with a λ well below 1, provided
elasticities of quasi-extinction condition of 26 years. The context of the collapse for the daggernose shark corroborated with
results indicating that about 27 years after data collection, a period of time equivalent to three generations (see Table 4) –
a temporal window generally admitted in IUCN assessments – the daggernose shark has not recovered from the collapse
and the condition now matches the predicted quasi-extinction. Moreover, fishing mortality (F) which is due to intensive
fisheries, directly caused the collapse of I. oxyrhynchus. Such results agree with Garcia et al. (2008) who demonstrated that
the coastal chondrichthyan species have higher Fextinct .

It is worth mentioning that the daggernose shark’s started to decline in the 1990’s, however, during the last 26 years
high fishing efforts continued to affect the population. Thus, is plausible to consider that threats, having not ceased and
considering the vulnerability of the species to exploitation in the area, the daggernose shark may have already been
extirpated from areas of northern Brazil where it was abundant (Casselberry and Carlson, 2015).

4.2. Conservation perspectives for the daggernose shark in northern Brazil

Based on data analyzed in the current study (collected from1987 to 1991) the specieswas assessed in Brazil as threatened
by extinction, in 2004 (Brasil, IN 05, Annexe 1, 21/05/2004), and critically endangered globally (CR) in 2006 (Lessa et al.,
2006), later in 2014, it was again assessed as critically endangered (CR) by the Brazilian Environment Ministry (MMA,
Directive No 445). In consequence of those assessments, Brazilian legislation determined that this species (CR) should
have captures prohibited. However, these norms and regulations have never been enforced in northern Brazil. Also, the
institutions of Brazil’s Marine Protected Areas (MPAs) along the range of the daggernose shark distribution have never
restricted artisanal fisheries (Lessa et al., 1999). Overall, the existing set of regulatory mechanisms did not bring any
protection to the daggernose shark from fishing mortality. Deterrent measures to impede their decline are not in place
due to the high value of target species (and their by-products) – in relation to the lower commercial value of the daggernose
shark – which explains the inability to provide the necessary protection.

Overall, problems in fisheries management in Brazil, such as the canceling of fishing statistics since 2008, the lack of
monitoring programs for fisheries and fisheries inspection deficiencies, impede ascertaining the current state of the species
(Chao et al., 2015; Di Dario et al., 2015). However, the absence from gillnet catches observed in the last decades in areas
where the species was abundant (Almeida et al., 2014; Mourão et al., 2014), suggests that the species collapse may be even
more stringent than that found in the data collected 26 years ago. The fact that the species is sporadically caught by other
fisheries, such as trawling and longline, exceeds the population’s reduced capacity to grow.

Gillnet exploitation in the whole area developed in an uncontrolled, unrecorded and unmanaged manner, leading
the main target species Cynoscion acoupa and Sciades parkeri, to be currently assigned to the Near Threatened (NT) and
Vulnerable (VU) categories, respectively (Mourão et al., 2014; Betancur et al., 2015; Chao et al., 2015). Moreover, other
common bycatch species declined as well in the 1990’s, such as the yellow hammerhead (Sphyrna tudes), the bonnethead
shark (S. tiburo), the smalltail shark (Carcharhinus porosus) and the sawfish (Pristis spp)— (Lessa, 1986; Stride et al., 1992;
Lessa and Menni, 1994; Menni and Lessa, 1998; Brasil, 2004; Lessa et al., 2006; Brasil, 2014).

The sizes of gillnets have in average augmented three-fold since 1990 throughout the daggernose distribution range
(Brasil, 2011), incrementing fishing efforts to compensate losses of productivity of target species (Brasil, 2011). Currently,
3–9 km-long gillnets were reported for Scomberomorus brasiliensis (Almeida et al., 2014; Mourão et al., 2014) and 3–15 km-
long gillnets for Cynoscion acoupa and Sciades parkeri fisheries (Matos and Lucena, 2006; Brasil, 2011; Almeida et al., 2014).
Furthermore, the gillnet fishery directed to the daggernose shark off of Amapá state (Nascimento and Asano-Filho, 1999),
which employed 6 km-long nets with 180–200 mmmesh, may have been discontinued due to productivity losses.

The collapse of the daggernose shark in the 1990’s fits the context ofmultispecies fisheries, where by-catch are the first to
decline due to differences in resilience, when compared to the targeted species (Camhi et al., 1998). The daggernose species
was unable to endure fishing mortality, meaning that a compromise between the resilience of this species and the intensity
of fisheries would have been critical for their sustainability when the daggernose shark was still commonly captured.

Because of its limited distribution, complexities of its life cycle and dramatic population decline, the results in the current
study pointed out a high risk of extinction, urging for effective conservation action. As this shark species is endemic gillnets
have to be banned from its main living grounds and marine territories around its nursery areas must be protected.

5. Conclusion

In summary, based on data collected during the 1980’s and 1990’s, the daggernose shark ended up recognized as
critically endangered-CR (Brasil, 2004; Lessa et al., 2006; Brasil, 2014). Such a condition entailed the prohibition of landing,
commercializing and transporting threatened species (Brasil, 2004). However, the daggernose shark, in fact, continued being
freely caught and commercialized (Lessa et al., 2006) due to the lack of enforcement of regulations. Hence, the daggernose
shark, after three decades of data collection (or 3 generations) is currently deemed to be on its way to extinction, claiming
for urgent effective measures for their conservation.
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