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A complex balance has arisen between the bluefin tuna, killer whales, and human activities in the Strait of
Gibraltar. Recent changes in fishing effort have dramatically decreased tuna stocks, breaking this balance. Killer
whales exhibit two strategies for feeding on tuna: active hunting and depredation on a drop-line fishery. From
1999 to 2011, a small community of 39 individuals was observed in the Strait in spring and summer. All individ-
uals displayed active hunting and 18 of them also depredated on thefishery. These differences in foraging behav-
iour influenced life-history parameters. Adult survival for interacting and non-interacting individuals was
estimated at 0.991 (SE = 0.011) and 0.901 (SE = 0.050), respectively. Juvenile survival could only be estimated
for interacting individuals as 0.966 (SE = 0.024), because only one juvenile and one calf were observed among
non-interacting individuals. None of the interacting calves survived after 2005, following the decrease in
drop-line fishery catches. Calving rate was estimated at 0.22 (SE = 0. 02) for interacting individuals and 0.02
(SE = 0. 01) for non-interacting. Calving interval, which could only be calculated for interacting groups, was 7
years. The population growth rate was positive at 4% for interacting individuals, and no growth was observed
for non-interacting individuals. These differences in demographic parameters could be explained by access to larg-
er tuna through depredation. Consequently, we found that whales would need more tuna to cover their daily en-
ergy requirementswhile actively hunting. Therefore, ourfindings suggest an effect of artificial food provisioning on
their survival and reproductive output. Urgent actions are needed to ensure the conservation of this, already small,
community of killer whales. These include its declaration as Endangered, the implementation of a conservation
plan, the creation of a seasonal management area where activities producing underwater noise (i.e. military
exercise, seismic surveys or evenwhale watching activities) are forbidden fromMarch to August, and the promo-
tion of bluefin tuna conservation. Additionally, energetic requirements of this whale community should be taken
into account when undertaking ecosystem-based fishery management for the Atlantic bluefin tuna stock. In the
meantime, as marine predators are most sensitive to changes in fish abundance when prey abundance is low,
we suggest an urgent short-term action. Artisanal fisheries, such as drop-lines, should be promoted instead of
purse seiners in the Mediterranean Sea. This will help to maintain the survival and reproductive output of the
whale community until showing clear signs of recovery and stability, and/or their prey stock recovers.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Atlantic bluefin tuna (Thunnus thynnus) (hereafter tuna) perform a
gametic migration, entering the Mediterranean Sea through the Strait
of Gibraltar (hereafter Strait) in late spring (Sella, 1928, 1929;
Rodríguez-Roda, 1964). After spawning, tuna perform a trophic migra-
tion to the eastern North Atlantic in summer (de la Serna et al., 2004;
Aranda et al., 2013). In the Strait, tuna have been caught for centuries
using trap-nets, an artisanal fixed and passive gear (Doumenge, 1998).
.com (R. Esteban).
In 1995, a new artisanal drop-line fishery was developed by Spain and
Morocco in the Strait, to catch tuna on their trophic migration (Srour,
1994; de la Serna et al., 2004). The Eastern tuna stockhas been exploited
by traditional fisheries for centuries, but in the 1960s industrial purse-
seine and long-line fleets replaced the traditional fisheries (Fromentin
and Powers, 2005). Thus, tuna stock has been mostly declining since
then (ICCAT, 2011; Taylor et al., 2011).

Other natural predators feed on tuna such as large pelagic sharks and
killer whales (Orcinus orca) (Fromentin and Powers, 2005). Killer
whales have been observed in the Strait for centuries (Horozco, 1598;
Richard, 1936; Aloncle, 1964). Stable isotope analyses suggest that
their main prey is tuna (García-Tiscar, 2009). They have been assigned
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to a single population in conjunctionwithwhales sampled in the Canary
Islands based on nuclear DNA loci (Foote et al., 2011), and thuswe define
killer whales in the Strait as a community of whales. They occur in the
Gulf of Cadiz in spring (Esteban et al., 2013), while they actively forage
on tuna around the trap nets using the endurance-exhaustion hunting
technique (hereafter active hunting) (Guinet et al., 2007),which consists
of chasing tuna at high speed for around 30 min. According to the au-
thors, this technique requires a high energy investment and the average
catch is usually small–medium size. It was also suggested that killer
whales likely rely on other techniques to catch larger individuals. During
summer, thewhales are also observed actively hunting in the centralwa-
ters of the Strait (de Stephanis et al., 2008). However, a new operational
and biological interaction has been described between killer whales and
tuna drop-line fisheries, where killer whales depredate tuna from their
baited hooks, for which they presumably invest less energy (Guinet
et al., 2007; de Stephanis et al., 2008; Esteban et al., 2013). Esteban
et al. (2015) described five pods in the Strait (A1, A2, B, C and D).
While all pods have been seen actively hunting tuna, only two pods
(A1 and A2) have learned to interact with the fishery.

The inclusion of artificial food provisioning and a presumably highly
energetic resource, such as tuna from fisheries, may influence demo-
graphic parameters and reproductive output within these killer whales.
Our aims were to elucidate the consequences of this interaction on life-
history parameters for interacting and non-interacting killer whales,
and compare their energy requirements for interacting or active hunting.

2. Materials and methods

2.1. Data collection

The study area is located between 5 to 6°W. It was surveyed between
1999 and 2011 for cetaceans. More details regarding the sampling proto-
cols canbe found inde Stephanis et al. (2008) andEsteban et al. (in press).

2.2. Life history parameters

Photo-identification techniques (e.g. Bigg et al., 1990; Ottensmeyer
and Whitehead, 2003) were used as previously described (Esteban
et al., 2015) to identify every individual observed in the study area.
The photo-identification catalogue is available at www.cetidmed.com,
where it is updated annually.

2.2.1. Abundance
Censuses were conducted annually from which a cumulative abun-

dance count was calculated as the total number of individuals observed
every year minus those determined to be dead. Killer whales' social
structure in the Strait has been suggested to be amatrilineal social struc-
ture without individual dispersal from their natal group (Esteban et al.,
2015); therefore, an individual was considered dead whenever it was
not seen within its pod for three consecutive years or it was found
stranded. We used photographs combined with direct observations to
determine sex and approximate age ofwhales (Olesiuk et al., 1990). Fol-
lowing the definition of sexual maturity described in Olesiuk et al.
(1990), we sorted the whales into three categories. Adults included
males that were mature individuals presenting a prominent dorsal fin
and females that were mature individuals accompanied by calves or ju-
veniles; juveniles were individuals older than 1 year but still notmature
and calves were individuals younger than 1 year. We also classified
whales by their foraging behaviour as either interacting (hereafter
INT) for whales observed depredating on the tuna drop-line fishery at
least once, or non-interacting (hereafter NOT) for whales that were
never observed depredating.

2.2.2. Mark-recapture analysis
As only somepodswere seen every year (Appendix A, Table A.1), we

usedmark-recapture analyses to estimate (1) survival rate for the three
age classes (calf, juvenile, adult) and (2) population growth rate using
the software MARK 7.1 (White and Burnham, 1999). All models were
compared using QAICc (Quasi Akaike's information criterion adjusted
for small sample bias) (Sugiura, 1978). The best model was selected
by the lowest QAICc. Models within ΔQAICc ≤ 2 were considered to be
well supported by the data (Burnham and Anderson, 2004). In case
that ΔQAICc ≤ 2, model averaging was used (Buckland et al., 1997).

2.2.2.1. Survival rate.Multistate mark-recapture models (Hestbeck et al.,
1991; Brownie et al., 1993)were used to examine differences in survival
(S), the probability of an animal to be re-encountered (p) and state tran-
sition probabilities (ψ), among the two groups INT and NOT, contained
in three different states: adult (A), juvenile (J) and calf (C). To assess
the goodness-of-fit of themodel, we used a parametric bootstrap proce-
dure implemented in MARK 7.1 (White and Burnham, 1999). The
variance inflation factor measuring possible over-dispersion in the
data, ĉ-hat, was estimated as the deviance estimate from the original
data divided by the mean of the simulated bootstrapped deviances
and applied to all models if N1 (White, 2002). For both groups, we
constrained state transitions ψ from A to C, A to J and J to C as 0 as
these transitions are impossible. We also fixed transitions from C to J
as 1, as calves become juveniles after one year of life by our definition.
We fixed SCNOT and SJNOT to 1 because the only calf and juvenile in the
NOTgroupwere observed the in last year their podwas seen, so survival
could not be estimated (Appendix A, Table A.1). For NOT,we fixed p=0
for all age classes in 1999–2001 and 2008–2009 as no animals were
seen during these years.

We considered variousmodels to test for differences and similarities
of survival between INT and NOT, and through time. We started with
the full time-dependent model (t) (Appendix A, Table A.2, model 5).
We then fitted a more parsimonious model by constraining all parame-
ters to be constant in time (.) (Appendix A, Table A.2, model 3). To in-
vestigate calf survival for INT, we tested it as constant over the study
period (model 3), time-dependent (model 4) and fixed to 1 in 1999–
2005 and to 0 in 2006–2010, following our direct observation of no
calf surviving their first year of life after 2005 (model 1). Finally, we
tested for similarities or differences of adult survival between INT and
NOT (models 1 and 2).

2.2.2.2. Population growth rate. The population growth rate was
modelled with a Pradel model with survival (φ) and lambda (λ)
(Pradel, 1996). Lambda was modelled as constant in time, and was
tested as equal or different for INT and NOT individuals. For NOT,
we fixed p = 0 in 1999–2001 and 2008–2009 as no animals were
seen during these years.

2.2.3. Reproductive rates
Calving rates for INT and NOTwere calculated as the total number of

calves born during a given year out of the total number of reproductive
females available that year within the group. Females calving a year
before were omitted for that year, because of their 12 month lactation
period (Olesiuk et al., 2005; Kuningas et al., 2013). Females were
assigned as reproductive females whenever they were known to be in
their reproductive years (10–46 years old) (Olesiuk et al., 2005) or the
years they were seen with a calf. A Mann–Whitney–Wilcoxon test
was performed to compare annual calving rates between INT and NOT.

Calving interval was calculated as the interval at which the same
female gives birth to successive viable calves (Olesiuk et al., 1990)
(Appendix A, Table A.3). Fecundity rate was calculated as the reciprocal
of calving interval (Olesiuk et al., 1990).

2.3. Interaction between tuna drop-line fisheries and killer whales

Available data on tuna catches by drop-line fisheries in the Strait
were compiled from data of the regional Government of Andalusia
(Spain) and data from Malouli Idrissi et al. (2013) for Morocco.

http://www.cetidmed.com


Fig. 1. Summary of killer whales identified between 1999 and 2011. Left axis: black circles
indicate cumulative number of individuals identified, white circles number of individuals
identified per year, white squares cumulative total abundance count and black squares
cumulative INT pod abundance count. Right axis: grey bars indicated number of fins
analysed in thousand, black bars number of births and white bars cumulative number of
pods identified.
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No calves survived after 2005. At the same time, tuna has clearly
declined in recent decades, and a restrictive quota was settled for
drop-line fisheries in 2008 (ICCAT, 2011). We assessed the relationship
between SCINT and tuna drop-line catches. We used a Firth's logistic
regression to cope with a possible separation problem (Albert and
Anderson, 1984), as none or all calves survived in a given year. Firth's
penalized log-likelihood (Firth, 1993) was used with the ‘logistf’
package (Heinze et al., 2013) in the programme R version 3.2.1
(R Development Team Core, 2010). Three possible lagged effects
were tested in Spanish and Moroccan catches combined. First, a direct
effect on SCINT of catches in the same year (lag0), then a 1-year time
lag (lag1), and 2-year time lag (lag2), which may also be appropriate
to assess the influence of the amount of depredated tuna on SCINT be-
cause of the 18-month gestation period of killer whales (Ford et al.,
2005). Themodelwith the lowerAICc value (Akaike, 1974)was selected
and non-significant terms (p N 0.05) were excluded. Models within
ΔAICc ≤ 2 were considered to be well supported by the data (Burnham
and Anderson, 2004). We also estimated catches of tuna that allow a
SCINT at a level similar to populations considered to be of good conserva-
tion status. We used as a reference the well-studied population of
northern resident killer whales (NRKW) in the North Pacific, which
had a calf survival rate of 0.91 in 1996–2004 during a stable period
(Olesiuk et al., 2005), and 0.97 between 1973 and 1996 during a period
of unrestrained growth (Olesiuk et al., 1990).

Interviews with fishermenwere conducted in Tarifa (Spain) in July–
August 2004 to estimate the level of interactions with killer whales.
Short face-to-face closed-question surveys (3–4 min) were conducted
at the landing site (e.g. Huntington, 2000; Renner and Bell, 2008;
Fowler, 2013). These daily interviews included questions about the
number of tuna caught, killer whale presence and the number of tuna
lost due to operational causes or killer whale depredation, with tuna
being completely or partially lost (i.e. bitten). We also accounted for
the weight and length of tuna sold at the fish market. For tuna bitten
by killer whales, we calculated the expected total weight from their
length using a tuna weight–length relationship (Anon., 1984). We
then estimated the amount of tuna weight lost by subtracting their
actual weight after being bitten.

2.4. Energetic requirements of killer whales

Weapplied gross energy requirementmodels described byWilliams
et al. (2011):

ln Eð Þ ¼ ln að Þ þ b � ln Lð Þ

where E is energy consumed per day in kcal and L is the length of the
whale in cm, and a and b are parametersmodelled from29 captive killer
whales captured in Iceland (Williams et al., 2011). We estimated the
length of individuals for two groups of whales. First, we estimated the
length at age for INT in 2004 using demographic data (age, sex, repro-
ductive status). Secondly, we estimated average length for all individ-
uals (INT and NOT) in 2011. Because NOT individuals are not seen
every year, we could not properly estimate their age (Olesiuk et al.,
1990). Hence, we used an average length for adult females and males
extrapolated from individuals stranded or captured in the nearby area,
while juveniles were assigned a medium length of 4 m. Next, we esti-
mated daily and yearly energy requirements for both groups.

Assuming that killer whales in the Strait are mainly feeding on tuna
(García-Tiscar, 2009), we converted these energy requirements to the
number of fish and tons needed to support killer whales in the Strait
for two ways. We did this first yearly assuming that killer whales met
their energetic requirements exclusively through active hunting (100%
scenario) for both groups; and then seasonally in July and August
(Summer scenario) only for the INT group assuming that they met
their energetic requirements exclusively through depredation on the
drop-line fishery. The energy content of prey items was estimated
assuming that the average caloric value of tuna established by FAO
(1989) considered that 58% of tuna weight is edible. Of this, 23.7% is
protein at 4.27 kcal/g and 4.6% fat at 4.11 kcal/g. Because we used
gross energy requirements (Williams et al., 2011), we also assumed a
reasonably equivalent transformation from gross to net energy in wild
and captive killer whales of 84.7% (Kriete, 1994; Williams et al., 2004;
Williams et al., 2011). For tuna caught through depredation on the fish-
ery, we used the average weight of tuna observed in the fish market in
2004. However, when these whales are actively hunting, they are able
to capture tuna ranging between 0.8 and 1.5 m (Guinet et al., 2007),
and hence we converted length to weight (Anon., 1984).

2.5. Statement on animal subjects

The study was conducted on wild, free-ranging killer whales. A spe-
cial permit was obtained from the Spanish Ministry of Environment to
approach the whales and enter the restricted area established by law
(R.D. 1727/2007). If whales displayed boat avoidance behaviour, en-
counters were ended.

3. Results

3.1. Data collection

We carried out 21,307 km of effort between 1999 and 2011, includ-
ing 109 sightings of killer whales. On 91 occasions, INT individuals were
observed and NOT individuals were seen 18 times (Appendix A,
Figure A.1).

3.2. Life history parameters

3.2.1. Abundance
A total of 20,617 photographswere taken. Photographic effort varied

and mainly increased (Fig. 1), due to increasing camera quality and
experience. Despite this increased effort, the cumulative curve of indi-
viduals identified seems stable over the last several years (Fig. 1).
Forty-seven individuals were identified and included in the catalogue.
Of these, 2 juveniles, 5 calves (belonging to INT) and 1 adult (stranded
animal, belonging to NOT) were considered dead over the study period;
therefore, only 39 individuals remained alive in 2011, of which 18 were
defined as INT, and 21 as NOT. From 1999 to 2005, additions of new in-
dividuals were due to the identification of new pods and births (Fig. 1,
see Esteban et al., 2015). Since 2005, all new individuals identified
were calves fromknown females of existing pods (Fig. 1). Consequently,
we estimated the first cumulative total abundance count for all whales
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in 2005with 32 individuals, with this number remaining fairly constant
until 2011 when 4 births increased the abundance to 39 individuals
(Fig. 1). As INT individuals have been seen every year from the begin-
ning of the study, their cumulative abundance count was calculated. In
1999 we counted 11 individuals, between 1999 and 2005 these pods
gave birth to 5 viable calves, but 1 juvenile died, increasing the number
to 15 individuals in 2005. It then remained fairly constant until 2011,
when 3 births increased the number to 18 INT individuals.

3.2.2. Survival rate
Bootstrapped GOF testing allowed the estimation of ĉ-hat = 1.63,

which indicates a reasonably good model fit to the data (Choquet
et al., 2009-pp. 84–75). This value was applied to all models. The best
fit model took into account a constant p for all foraging groups and
age classes, SCINT fixed to 1 in 99–05 and to 0 in 06–10, a constant
SJINT, and a constant different SA for INT and NOT (Model 1). The Likeli-
hood Ratio test between models 1 and 2 was highly significant (χ2 =
7.997, df = 1, p b 0.005), confirming differences in SA between INT
and NOT groups. SAINT was estimated as 0.991 (SE: 0.014; 95% CI:
0.837–1.000), SANOT as 0.901 (SE: 0.067; 95% CI: 0.672–0.980) and
SJINT as 0.966 (SE: 0.031; 95% CI: 0.819–0.994).

3.2.3. Population growth rate
Both models had similar AICc (Appendix A, Table A.2), with

ΔQAICc b 2, so a model averaging was applied. Population growth rate
was positive for INT animals at 1.039 (SE: 0.025; 95% CI:0.986–1.091),
which is equivalent to a 4% growth rate. On the other hand, the rate
was almost stable for NOT pods at 0.995 (SE:0.053; 95% CI: 0.832–
1.159) (Appendix A, Table A.2).

3.2.4. Reproductive rates
A female that was born in 2000 gave birth to her first calf in 2011

(11 years old). Mean calving rate estimated for INT was 0.219 (SE =
0.034), higher than for NOT with 0.020 (SE = 0.013) (Appendix A,
Table A.3). This difference was significant (Mann–Whitney–Wilcoxon
test, W = 94, p = 0.001). Only two births from different females were
documented within NOT, so calving interval and fecundity rate were
not estimated. Within INT, we documented 13 births. However, only 2
intervals between viable calves of 2 females were observed and ranged
from 6 to 8 (mean= 7) years, producing a fecundity rate of 0.14 calves
per year (Appendix A, Table A.3).

3.3. Interactions with the drop-line fishery

Data on Spanish andMoroccan catches from tuna drop-line fisheries
were available from 2000–2011. Between 2000 and 2004 the average
annual catch was 604 tons, followed by a sharp decline with an average
annual catch of 123 tons between 2005 and 2010 (Fig. 2). At the same
Fig. 2. Relationship of tuna captured by drop-line fisheries and SCINT. In black drop-line
catches and in grey SCINT.
time, a dramatic change in calf survival of the INT pods was observed
in 2006 (Fig. 2). The model that better explained the evolution of SCINT
was tuna catch by the drop-line catches the previous year (lag1; χ2 =
8.48, df = 1, p = 0.004) (Table 1). When we applied the values from
the NRKW population, we obtained 573 tons of tuna catches for a calf
survival of 0.91 (stable), and 687 tons for 0.97 (unrestrained growth)
(Fig. 3).

In 2004, 48 boats composed the Spanishfleet of the drop-linefishery
and 597 tons of tuna were landed in the harbour of Tarifa. According to
interviews, at least 117 tuna were lost due to operational causes, de-
scribed as lines cut by other vessels, tuna that escaped from the hook
by itself or were let go by the fishermen, because fishermen could
only haul one tuna at a time, so if two fish were hooked, they had to
let one go free. On the other hand, 42 tuna were depredated by killer
whales and 6 were bitten. In 2004 the average weight of tuna landed
in Tarifa was 187 kg. Therefore, 42 depredated tuna weighed approxi-
mately 7869 kg and 6 bitten tuna weighed approximately 779 kg. In
total about 8648 kg of tunawere provided to the killer whales by the in-
teraction with the drop-line fishery in 2004.

3.4. Energetic requirements of killer whales

Two stranded whales were recorded in the Strait during the study
period: a female in 2005 in Algeciras, Spain, measuring 5.7 m (Guinet
et al., 2007), and another female in 2015 near Tangier, Morocco,
measuring 5.53 m (INRH, see Appendix A, Table A.4). Consistently, the
average total length of killer whales captured or stranded in nearbywa-
ters was 5.3 m for females and 6 m for males (see Appendix A,
Table A.4). After applying the length-at-age and energy consumption
models of Williams et al. (2011), we calculated daily and annual tuna
consumption for INT pods in 2004 consisting of 14 animals, 2 adult
males, 7 adult females, 4 juveniles and 1 calf (the calf was not consid-
ered in this analysis, because it was still feeding on maternal milk).
These pods required a total mean of 1.0 × 106 kcal per day, which
would be provided by capturing 21 to 141 tuna per day of 1.5 to 0.8 m
respectively, while actively hunting. Thus, they would require
539 tons annually. Conversely, when given access to larger tuna (2 m)
through depredation, the same whales only needed to eat up to 8 fish
per day and would need 92 tons in the summer season. We then calcu-
lated the tuna consumption for all pods in 2011 for a total of 39 killer
whales, including 9 males, 23 females, 4 juveniles and 3 calves (also
not considered in the analysis, see Appendix A, Table A.5).We estimated
that the whole community required about 3.2 × 106 kcal per day, for
which they would need to capture 66 to 434 tuna per day from 1.5 to
0.8 m respectively, while actively hunting. In total, the community
would have required 1654 tons of tuna in 2011.

4. Discussion

Wehave described a small community of 39 killer whales that are at
least seasonally resident in the Strait. The asymptotic tendency of the
discovery curve of individuals (Fig. 1) indicates that most of the identi-
fiable proportion of this community is included in the catalogue, and
lends confidence to the complete enumeration over time as a rigorous
cumulative abundance count (Reisinger et al., 2011). It is a small
Table 1
Summary of the models used to estimate the relationship between annual calf survival
rate SCINT and tuna drop-line catches of Spain and Morocco combined during the same
year (lag0), one year before (lag1) or two years before (lag2); significant terms
(p b 0.05) are indicated by an asterisk.

Parameter p-Value df AICc ΔAICc

lag1 0.004⁎ 1 −6.478 0
lag0 0.012⁎ 1 −4.331 2.147
lag2 0.033⁎ 1 −2.561 3.917

⁎ p b 0.05.



Fig. 3. Firth's logistic regression of calf survival rate and the tuna captured the previous
year by the drop-line fishery. X1 calculated at a SCINT = 0.91 and X2 estimated at
SCINT = 0.97, calf survival rates for northern resident killer whales (NRKW) at a different
study period.
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community compared to estimates of 115 to 1500 individuals in other
populations (Visser, 2000; Hoelzel et al., 2007; Matkin et al., 2008;
Ivkovich et al., 2010; Foote et al., 2010; Ellis et al., 2011; Matkin and
Durban, 2011; Beck et al., 2012; Kuningas et al., 2013), but as with
other small populations is considered to be declining (Barrett-Lennard
and Heise, 2006; Matkin et al., 2008; Poncelet et al., 2009; Foote et al.,
2010; Reisinger et al., 2011; Young et al., 2011; Häussermann and
Acevedo, 2013; Beck et al., 2013; Lawson and Stevens, 2013).

There are demographic differences between INT andNOT pods. Both
adult survival rates were similar to other populations (Olesiuk et al.,
1990; Olesiuk et al., 2005; Poncelet et al., 2010; Kuningas et al., 2013;
Matkin et al., 2014), but INT adults presented higher survival rates
than NOT (Appendix A, Table A.3). Similarly, the INT calving rate was
significantly higher than NOT (Appendix A, Table A.3), and only one
calf and one juvenile were ever observed within NOT pods. While the
calving rate for INT was similar to other killer whale populations
(Olesiuk et al., 1990; Matkin et al., 2014; Tixier et al., 2014), calving
rate for NOT was even lower than non-depredating individuals in the
Crozet Islands (Tixier et al., 2014), a population considered to have a
very low reproductive output. Calving interval and fecundity rate, calcu-
lated only for INT, were respectively longer and lower than for other
populations considered in good condition (Olesiuk et al., 1990, 2005;
Kuningas et al., 2013; Matkin et al., 2014) and very similar to the values
estimated for Crozet (Tixier et al., 2014). These low parameters are
mainly due to the high mortality of INT calves after 2005.

The population growth rate was positive for INT and similar to the
NRKW(Olesiuk et al., 1990, 2005). In southern Alaska, the resident pop-
ulation growth ratewas estimated at 3.5%. This population is considered
to have reached amaximumgrowth rate thanks to the increasing return
of their main prey (Matkin et al., 2014). Conversely, NOT pods are just
below stable growth rate, with almost no recruitment over 12 years
and a lower adult survival, putting them at greater risk due to the al-
ready very low number of animals within these pods (21 individuals).
The situation is similar for the AT1 transient killer whales in Alaska, a
group of only 7 individuals, which has had no recruitment since the
Exxon Valdez oil spill in 1984, putting them on the verge of extinction
(Matkin et al., 2008, 2012). However, population dynamics in long-
lived vertebrates are often the least sensitive to variation recruitment
(Sherley et al., 2015). For example, in African penguins (Spheniscus
demersus), chick survival was 18% higher when the sardine (Sardinops
sagax) and anchovy (Engraulis encrasicolus) fisheries stopped for 3
years. The population continued to decline, probably because of high
adult mortality linked to poor prey availability over a larger spatial
scale, as the regional abundance of sardine fell below a critical threshold
(Sherley et al., 2015).

Eastern tuna stocks have been declining since the 1980s (ICCAT,
2011; Taylor et al., 2011). In 1998, the International Commission for
the Conservation of Atlantic Tunas (ICCAT) established a Total Allow-
able Catch (TAC) and national quotas that are attributed to contracting
parties (ICCAT, 2011). Each member country then distributes percent-
ages of their national quota among the different fishing fleets. However,
from the late 1990s to 2008, the ICCAT did not follow the recommenda-
tions of its own Scientific Committee (Fromentin et al., 2014) and addi-
tionally, tuna catches were seriously under-reported, likely causing the
stock decline over that period. Between 2009 and 2011, the ICCAT fully
endorsed the scientific guidance and recommended a low TAC around
18,500–22,000 t (ICCAT, 2014). As a result, themost recent assessments
show signs of biomass increase after 2011 (ICCAT, 2014). Killer whales
in the Strait clearly depend on tuna abundance, as their main prey
(García-Tiscar, 2009), and thus we suggest that the efforts undertaken
by ICCAT in the past years be continued to ensure that the Eastern
Stock of tuna fully recovers and remains above Maximum Sustainable
Yield (MSY) levels.

Marine predators are most sensitive to changes in fish abundance
when prey abundance is low (Cury et al., 2011). In this study a small
community of killer whales may have suffered from the decline of
eastern tuna stocks since the 1980s. Stocks improved in the 1990s,
when they reached half the initial stock size (Taylor et al., 2011) and
the drop-line fishery began operating in 1995. This may have presented
an opportunity to some pods to overcome the low tuna abundance via
depredation, and to ensure the recruitment of young animals into the
pods through numerous births and a high calf survival rate. However,
when the stocks reached their lowest levels after 2005, declining below
MSY (Taylor et al., 2011), even depredating pods could not cope with
the very low prey availability, and as a result, the recruitment stopped.

Depredation is a good opportunity for killer whales to feed because
in summer, when tuna are crossing the Strait on their way to the Atlan-
tic, they prefer deep waters (Wilson and Block, 2009). This tuna would
thus be unreachable to killer whales. However, drop-line fisheries bring
tuna to the surface and could be acting as an accumulator of fish, locally
increasing the availability of tuna. This is especially important for killer
whales when the abundance of tuna is low. In that case, food provision-
ing through depredation could have highly affected killer whales' life-
history parameters in the years in which the tuna stock was at its
lowest. Since 2005, drop-line catches declined dramatically, reflecting
the decline of tuna abundance. Since 2006, one year later, none of the
killer whale calves have survived in the Strait as of 2011. This relation-
ship between calf survival and tuna catches as a proxy of tuna abun-
dance highlights the importance of artificial food provisioning in times
when prey is scarce. In these low abundance years, calf survival
depended on the mother's access to sufficient depredated tuna the
year before it was born. We recorded 42 tuna caught on Spanish drop-
lines in 2004 as depredated by killer whales, and 6 tuna bitten,
representing a total of 8648 kg of tuna. Other authors have also studied
this interaction and their results are consistent with ours; De la Serna
et al. (2010) estimated that on average 15 tuna landed annually in Tarifa
between 1998 and 2007, and presented unequivocal signs of depreda-
tion by killer whales (only individuals bitten, not completely depredat-
ed), but in 2005 zero tuna were bitten. Moreover, Malouli Idrissi et al.
(2013) reported that killer whale depredated 5794 kg of tuna fromMo-
roccan drop-lines in 2009 and none in 2010.

Minimum drop-line catches of 573 tonswould allow SCINT similar to
that observed in healthy populations such as the NRKW (Olesiuk et al.,
1990, 2005). Until 2004, tuna drop-line catches exceeded thisminimum
and the calves born until 2005 survived. No calves born after this year
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survived to their first year of life, when the catches were below this
limit. Additional factors should be taken into account. If pregnant and
lactating females did not have access to enough tuna tomeet their ener-
gy requirements, then food deprivation promotes the metabolism of
lipid stores, releasing sequestered pollutants into circulation (Aguilar
et al., 1999; O'Shea, 1999). This could be discharged into suckling calves
via lactation and affect the offspring survival. Although high levels of
pollutants were found in other populations of free-ranging killer whales
(Ross et al., 2000; Rayne et al., 2004; Hickie et al., 2007), no information
is available on contaminants in killer whales from the Strait. We could
hypothesize that food deprivation may have affected the survival of
calves when drop-line catches were at a minimum. Moreover, tuna
sampled in the area presented high levels of pollutants (Sprague et al.,
2012), and thus whales are already mainly feeding on contaminated
prey. The interaction with the fishery seems to improve killer whale
breeding capacities, as we found significant differences between INT
and NOT calving rates. Tixier et al. (2014) found a positive effect of
depredation in long-line fisheries on female calving rate at the Crozet
Archipelago, suggesting an effect of artificial food provisioning on fe-
male reproductive output. Artificial food provisioning by the fisheries
would provide sufficient energy to INT whales to reproduce. When the
energy gained during pregnancy was high enough, it would support
the survival of the calf.

We should note that the energy requirements estimated here may
be biased. First, length measurements were based on values calculated
from past stranded and captured whales. However, these values are
similar to the length of the animals used to measure energetic require-
ments byWilliams et al. (2011), with an 80th percentile of 5.6 m for fe-
males and 6.04 m for males. Secondly, there was no information
available on the diet composition of these killer whales in winter or
autumn. Finally, we were not able to take into account the fact that
while actively hunting, killer whales would presumably consume
more energy thanwhen interacting. Killer whales have different energy
costs depending on activities and swimming speeds. Nevertheless, the
energy cost is generally low in this species (Williams et al., 2002,
2006; Williams and Noren, 2009). When whales are depredating on
drop-lines, they are patrolling the fishing vessels, waiting for tuna to
get hooked on the line (Esteban et al., 2015). On the other hand, during
active hunting, they are chasing tuna for about 30 min at high speed
(Guinet et al., 2007). Presumably, depredation should have a lower en-
ergy cost than active hunting, conferring an advantage on depredating
whales. Moreover, depredation via interaction with drop-line fisheries
provides access to larger tuna. Thus, depredation would provide more
energy and at a lower cost.

The Strait is a high-noise area as a result of intense marine traffic,
112.5 dB re: 1 μPa rms, 10–585 Hz (Castellote et al., 2012). This may
affect the distribution and availability of tuna, as tuna are very sensitive
to noise and show an escape response to the presence of shipping noise
similar to anti-predator behaviour (Sarà et al., 2007). Noise could also
affect killer whale communications and their ability to actively hunt
(Foote et al., 2004; Williams et al., 2014). Vessel traffic may result in
whales changing their behaviour (Williams et al. 2002, 2006).

Tomaintain the equilibrium between killer whales, tuna and human
activities in the Strait, in 2011, the Spanish Ministry of Environment in-
cluded the killer whales in the vulnerable category in the Spanish cata-
logue of endangered species (R.D. 139/2011). This categorization
requires a conservation plan to be created within 5 years. Based on
the information presented in this study, we strongly recommend that
killer whales in the Strait be included as endangered in the Spanish cat-
alogue of endangered species under criteria A2 (reduction in population
size), C1 (small population size) and D (expert judgement).Moreover, a
conservation plan is urgently needed. The recovery of tuna above MSY
levels will be especially important to the conservation effort of killer
whales in the Strait. We therefore suggest that tuna stock assessment
would greatly benefit from the implementation of an Ecosystem-
based fishery management programme (Pikitch et al., 2004), in which
ICCAT consider all of its predators when setting TACs and country-
specific quotas: humans, killer whales and sharks. Ecosystem-based
fishery management is a new approach to fishery management, essen-
tially reversing the order of management priorities to begin with the
ecosystem rather than the target species (Pikitch et al., 2004). We
think that a specific quota of tuna should be allocated to killer whales,
corresponding to the energy requirements of part or thewhole commu-
nity or their energy needs should be included in tuna natural mortality
assessment. We estimated that in 2011, INT would need 539 tons of
tuna and all individuals would need 1654 tons. TAC for eastern tuna
was set at 18,500 tons in the same year, so the needs of whale would
represent from 3 to 9% of the TAC. A similar proposal was put forth for
the recovery of SRKWwhere the whales would get a salmon catch allo-
cation under the Pacific Salmon Treaty (Williams et al., 2011). This
would require a yearly assessment of the killer whale community to
be performed prior to the attribution of national quotas by ICCAT.

To cope with management of shared fish stocks as bluefin tuna,
Marine Protected Areas (MPAs) could be a useful policy instrument
(Sumaila and Huang, 2012). MPAs are areas in the ocean where
different human activities are regulated more stringently than else-
where. Because tuna congregate to spawn, they are highly vulnerable
to commercial fishing at their spawning times, where the major gear
to catch them is currently operating (Fromentin et al., 2014). So ideally
MPAs where fishing is not allowed should be placed in tuna spawning
area, as a no-take marine reserve (Costello, 2014), but spawning hap-
pens inside the Mediterranean, which is out of the scope of this study.
Therefore, we propose the creation of a seasonal management area in
spring when killer whales are actively hunting (Appendix A, Fig. A.1)
where the ancient and sustainable fishing gear of trap net is allowed
but disturbance activities, for both killerwhales and tuna, should be lim-
ited including navy exercises, seismic surveys and evenwhale-watching
and sport-fishing activities. This seasonal management area should be
aimed to increase the ability of killer whales to actively hunt tuna
from March to August.

As a short-term urgent action, we also propose that Spain and
Morocco transfer a higher percentage of their national quota for artisan-
al drop-line and trap-net fisheries in the Strait versus industrial purse-
seiner fisheries in the Mediterranean Sea, at least until the killer whale
community show clear signs of stability and recovery.

Acknowledgements

Wewould like to especially thank CIRCE volunteers and research as-
sistants that helped in the field work of CIRCE and EBD-CSIC projects.
This work was funded by Loro Parque Foundation, CEPSA, Ministerio
de Medio Ambiente, Fundación Biodiversidad, LIFE+ Indemares
(LIFE07NAT/E/000732) and LIFE “Conservación de Cetáceos y tortugas
de Murcia y Andalucía” (LIFE02NAT/E/8610), and “Plan Nacional
I+D+I ECOCET” (CGL2011-25543) of the Spanish “Ministerio de
Economía y Competitividad”. Thanks to the IFAW for providing the free
software Logger 2000. Thanks to Lydia Chaparro and Victoria Fernández
who coordinated the interviews of fishermen in 2004–2005. And last
but not least we would like to thank the reviewers for greatly improving
the quality of this manuscript, and we would also like to thank Andy D.
Foote and Sarah Young for checking the English spelling.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.biocon.2015.11.031.

References

Aguilar, A., Borrell, A., Pastor, T., 1999. Biological factors affecting variability of persistent
pollutant levels in cetaceans. J. Cetac. Res. Manage. 1, 83–116.

Akaike, H., 1974. A new look at the statistical model identification. IEEE Trans. Autom.
Control 19, 716–723. http://dx.doi.org/10.1109/TAC.1974.1100705.

http://dx.doi.org/10.1016/j.biocon.2015.11.031
http://dx.doi.org/10.1016/j.biocon.2015.11.031
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0005
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0005
http://dx.doi.org/10.1109/TAC.1974.1100705


37R. Esteban et al. / Biological Conservation 194 (2016) 31–38
Albert, A., Anderson, J.A., 1984. On the existence of maximum likelihood estimates in lo-
gistic regressionmodels. Biometrika 71, 1–10. http://dx.doi.org/10.1093/biomet/71.1.
1.

Aloncle, H., 1964. Premières observations sur les petits cétacés des côtes marocaines. Bull
d l'Institut des Pêches Marit du Maroc 12, pp. 21–42.

Anon., 1984. Report of the bluefin tuna workshop, Japan September 1983. Collect Vol Sci
Pap ICCAT 19, pp. 1–282.

Aranda, G., Abascal, F.J., Varela, J.L., Medina, A., 2013. Spawning behaviour and post-
spawning migration patterns of Atlantic bluefin tuna (Thunnus thynnus) ascertained
from satellite archival tags. PLoS One 8, e76445. http://dx.doi.org/10.1371/journal.
pone.0076445.

Barrett-Lennard, L., Heise, K., 2006. The natural history and ecology of killer whales.
Whales, Whaling, Ocean Ecosyst, pp. 163–173.

Beck, S., Foote, A.D., Kötter, S., et al., 2013. Using opportunistic photo-identifications to de-
tect a population decline of killer whales (Orcinus orca) in British and Irish waters.
J. Mar. Biol. Assoc. U. K. 1–7 http://dx.doi.org/10.1017/S0025315413001124.

Beck, S., Kuningas, S., Esteban, R., Foote, A.D., 2012. The influence of ecology on sociality in
the killer whale (Orcinus orca). Behav. Ecol. 23, 246–253. http://dx.doi.org/10.1093/
beheco/arr151.

Bigg, M.A., Olesiuk, P.F., Ellis, G.M., et al., 1990. Social organization and genealogy of resi-
dent killer whales (Orcinus orca) in the coastal waters of British Columbia and
Washington State. Rep Int Whal Commision 12, pp. 383–405.

Brownie, C., Hines, J., Nichols, J., 1993. Capture–recapture studies for multiple strata in-
cluding non-Markovian transitions. Biometrics.

Buckland, S., Burnham, K., Augustin, N., 1997. Model selection: an integral part of infer-
ence. Biometrics.

Burnham, K., Anderson, D., 2004. Multimodel Inference Understanding AIC and BIC in
Model Selection. Sociol Methods Res.

Castellote, M., Clark, C.W., Lammers, M.O., 2012. Acoustic and behavioural changes by fin
whales (Balaenoptera physalus) in response to shipping and airgun noise. Biol.
Conserv. 147, 115–122. http://dx.doi.org/10.1016/j.biocon.2011.12.021.

Choquet, R., Lebreton, J., Gimenez, O., et al., 2009. U-CARE: utilities for performing good-
ness of fit tests and manipulating CApture–REcapture data. Ecography 32,
1071–1074. http://dx.doi.org/10.1111/j.1600-0587.2009.05968.x.

Costello, M.J., 2014. Long live Marine Reserves: a review of experiences and benefits. Biol.
Conserv. 176, 289–296. http://dx.doi.org/10.1016/j.biocon.2014.04.023.

Cury, P.M., Boyd, I.L., Bonhommeau, S., et al., 2011. Global seabird response to forage fish
depletion-one-third for the birds. Science 334, 1703–1706. http://dx.doi.org/10.1126/
science.1212928.

de la Serna, J., Alot, E., Majuelos, E., Rioja, P., 2004. La migración trófica post reproductiva
del atún rojo (Thunnus thynnus) a través del estrecho de Gibraltar. Collect Vol Sci Pap
ICCAT 56, pp. 1196–1209.

de la Serna, J., Ortiz de Urbina, J., Godoy, M., Majuelos, E., 2010. Interacción de la orca
(Orcinus orca), con las pesquerías de atún rojo (Thunnus thynnus L.) en el área del
Estrecho de Gibraltar. Collect Vol Sci Pap ICCAT 65, pp. 744–754.

de Stephanis, R., Cornulier, T., Verborgh, P., et al., 2008. Summer spatial distribution of
cetaceans in the Strait of Gibraltar in relation to the oceanographic context. Mar.
Ecol. Prog. Ser. 353, 275–288. http://dx.doi.org/10.3354/meps07164.

Doumenge, F., 1998. L'histoire des pêches thonières. Collect Vol Sci Pap ICCAT 50,
pp. 753–803.

Ellis, G., Towers, J., Ford, J., 2011. Northern resident killer whales of British Columbia:
photo-identification catalogue and population status to 2010.

Esteban, R., Verborgh, P., Gauffier, P., Giménez, J., Foote, A.D., de Stephanis, R., 2015. Ma-
ternal kinship and fisheries interaction influence killer whale social structure.
Behav. Ecol. Sociobiol. http://dx.doi.org/10.1007/s00265-015-2029-3.

Esteban, R., Verborgh, P., Gauffier, P., et al., 2013. Identifying key habitat and seasonal pat-
terns of a critically endangered population of killer whales. J. Mar. Biol. Assoc. U. K. 94,
1317–1325. http://dx.doi.org/10.1017/S002531541300091X.

FAO, 1989. Yield and Nutritional Value of the Commercially More Important Fish Species
(Rome).

Firth, D., 1993. Bias reduction of maximum likelihood estimates. Biometrika 80, 27–38.
http://dx.doi.org/10.1093/biomet/80.1.27.

Foote, A.D., Osborne, R.W., Hoelzel, A.R., 2004. Environment: whale-call response to
masking boat noise. Nature 428, 910-910. http://dx.doi.org/10.1038/428910a.

Foote, A.D., Similä, T., Víkingsson, G.A., Stevick, P.T., 2010. Movement, site fidelity and con-
nectivity in a topmarine predator, the killer whale. Evol. Ecol. 24, 803–814. http://dx.
doi.org/10.1007/s10682-009-9337-x.

Foote, A.D., Vilstrup, J.T., de Stephanis, R., et al., 2011. Genetic differentiation among North
Atlantic killer whale populations. Mol. Ecol. 20, 629–641. http://dx.doi.org/10.1111/j.
1365-294X.2010.04957.x.

Ford, J., Ellis, G., Olesiuk, P., 2005. Linking Prey and Population Dynamics: Did Food Limi-
tation Cause Recent Declines of'Resident'Killer Whales (Orcinus orca) in British Co-
lumbia. Fisheries & Oceans Canada.

Fowler, F., 2013. Survey Research Methods. SAGE publications, London.
Fromentin, J.M., Powers, J.J.E., 2005. Atlantic bluefin tuna: population dynamics, ecology,

fisheries and management. Fish Fish. 6, 281–306. http://dx.doi.org/10.1111/j.1467-
2979.2005.00197.x.

Fromentin, J.M., Bonhommeau, S., Arrizabalaga, H., Kell, L.T., 2014. The spectre of uncer-
tainty in management of exploited fish stocks: the illustrative case of Atlantic bluefin
tuna. Mar. Policy 47, 8–14. http://dx.doi.org/10.1016/j.marpol.2014.01.018.

García-Tiscar, S., 2009. Interacciones entre delfines mulares y orcas con pesqeuerías en el
Mar de Alborán y Estrecho de Gibraltar (Dissertation, Universidad Autónoma de
Madrid).

Guinet, C., Domenici, P., de Stephanis, R., et al., 2007. Killer whale predation on bluefin
tuna: exploring the hypothesis of the endurance-exhaustion technique. Mar. Ecol.
Prog. Ser. 347, 111–119. http://dx.doi.org/10.3354/meps07035.
Häussermann, V., Acevedo, J., 2013. Killer whales in Chilean Patagonia: additional
sightings, behavioural observations, and individual identifications. Rev. Biol. Mar.
Oceanogr. 48, 73–85. http://dx.doi.org/10.4067/S0718-19572013000100007.

Heinze, G., Ploner, M., Dunkler, D., Southworth, H., 2013. Package “logistf”.
Hestbeck, J., Nichols, J., Malecki, R., 1991. Estimates of movement and site fidelity using

mark-resight data of wintering Canada geese. Ecology 72, 523–533.
Hickie, B.E., Ross, P.S., Macdonald, R.W., Ford, J.K.B., 2007. Killer whales (Orcinus orca) face

protracted health risks associated with lifetime exposure to PCBs. Environ. Sci.
Technol. 41, 6613–6619. http://dx.doi.org/10.1021/es0702519.

Hoelzel, A.R., Hey, J., Dahlheim, M.E.M., et al., 2007. Evolution of population structure in a
highly social top predator, the killer whale. Mol. Biol. Evol. 24, 1407–1415. http://dx.
doi.org/10.1093/molbev/msm063.

Horozco, A., 1598. Historia de la ciudad de Cádiz. El Excmo. Ayuntamiento de esta M.N. M.
L. y M. H. Ciudad.

Huntington, H., 2000. Using traditional ecological knowledge in science: methods and ap-
plications. Ecol. Appl. 10, 1270–1274.

ICCAT, 2011. Report of the 2010 ICCAT Bluefin Tuna Stock Assessment Session (Madrid,
Spain).

ICCAT, 2014. Report of the 2014 Atlantic Bluefin Tuna Stock Assessment Session (Madrid,
Spain).

Ivkovich, T., Filatova, O.A., Burdin, A.M., et al., 2010. The social organization of resident-
type killer whales (Orcinus orca) in Avacha Gulf, Northwest Pacific, as revealed
through association patterns and acoustic similarity. Mamm. Biol. 75, 198–210.
http://dx.doi.org/10.1016/j.mambio.2009.03.006.

Kriete, B., 1994. Bioenergetics in the KillerWhale, Orcinus orca (Dissertation, University of
British Columbia, Vancouver, Canada).

Kuningas, S., Similä, T., Hammond, P.S., 2013. Population size, survival and reproductive
rates of northern Norwegian killer whales (Orcinus orca) in 1986–2003. J. Mar. Biol.
Assoc. U. K. 94, 1277–1291. http://dx.doi.org/10.1017/S0025315413000933.

Lawson, J.W., Stevens, T.S., 2013. Historic and current distribution patterns, andminimum
abundance of killer whales (Orcinus orca) in the north-west Atlantic. J. Mar. Biol.
Assoc. U. K. 1–13. http://dx.doi.org/10.1017/S0025315413001409.

Malouli Idrissi, M., Abid, N., Bernardon, M., Camiñas, J.A., 2013. Situation de la pêcherie
artisanale au Thon Rouge dans le Detroit du Gibraltar, en Mediterranée Marocaine.

Matkin, C., Durban, J., 2011. Killer whales in Alaskan waters. J. Am. Cetac. Soc. 40,
24–29.

Matkin, C.O., Durban, J.W., Saulitis, E.L., et al., 2012. Contrasting abundance and residency
patterns of two sympatric populations of transient killer whales (Orcinus orca) in the
northern Gulf of Alaska. Fish. Bull. 10, 143–155.

Matkin, C., Saulitis, E., Ellis, G., et al., 2008. Ongoing population-level impacts on killer
whales Orcinus orca following the ‘Exxon Valdez’ oil spill in Prince William Sound,
Alaska. Mar. Ecol. Prog. Ser. 356, 269–281. http://dx.doi.org/10.3354/meps07273.

Matkin, C.O., Testa, J.W., Ellis, G.M., Saulitis, E.L., 2014. Life history and population dynam-
ics of southern Alaska resident killer whales (Orcinus orca). Mar. Mamm. Sci. 30,
460–479.

Olesiuk, P.F., Bigg, M.A., Ellis, G., 1990. Life history and population dynamics of northern
resident killer whales (Orcinus orca) in British Columbia. Rept Int Whal Comm,
pp. 209–244.

Olesiuk, P., Ellis, G., Ford, J., 2005. Life History and Population Dynamics of Northern Res-
ident Killer Whales (Orcinus orca) in British Columbia. Fisheries & Oceans, Canada.

O'Shea, T., 1999. Environmental Contaminants and Marine Mammals.
Ottensmeyer, C.A., Whitehead, H., 2003. Behavioural evidence for social units in long-

finned pilot whales. Can. J. Zool. 81, 1327–1338. http://dx.doi.org/10.1139/z03-127.
Pikitch, E., Santora, C., Babcock, E., 2004. Ecosystem-based fishery management. Science

305, 346–347.
Poncelet, E., Barbraud, C., Guinet, C., 2009. Population dynamics of killer whales (Orcinus

orca) in Crozet Archipelago, southern Indian Ocean: a mark-recapture study from
1977 to 2002. J. Cetac. Res. Manage. 1825, 1–15.

Poncelet, E., Barbraud, C., Guinet, C., 2010. Population dynamics of killer whales (Orcinus
orca) in Crozet Archipelago, southern Indian Ocean: a mark-recapture study from
1977 to 2002. J. Cetac. Res. Manage. 11, 41–48.

Pradel, R., 1996. Utilization of capture-mark-recapture for the study of recruitment and
population growth rate. Biometrics 703-709.

R Development Team Core, 2010. R: A Language and Environment for Statistical
Computing.

Rayne, S., Ikonomou, M.G., Ross, P.S., et al., 2004. PBDEs, PBBs, and PCNs in three commu-
nities of free-ranging killer whales (Orcinus orca) from the Northeastern Pacific
Ocean. Environ. Sci. Technol. 38, 4293–4299. http://dx.doi.org/10.1021/es0495011.

Reisinger, R., de Bruyn, P., Bester, M., 2011. Abundance estimates of killer whales at sub-
Antarctic Marion Island. Aquat. Biol. 12, 177–185. http://dx.doi.org/10.3354/ab00340.

Renner, M., Bell, K., 2008. A white killer whale in the Central Aleutians. 61, 102–104.
Richard, J., 1936. Documents sur les cétacés et pinnipèdes provenant des campagnes du

prince Albert Ier de Monaco.
Rodríguez-Roda, J., 1964. Talla, peso y edad de los atunes, Thunnus thynnus (L.),

capturados por la almadraba de Barbate (costa sudatlántica de España) en 1963 y
comparación con el período 1956 a 1962. Investig. Pesq. 26, 3–48.

Ross, P.S., Ellis, G.M., Ikonomou, M.G., et al., 2000. High PCB concentrations in free-ranging
Pacific killer whales, Orcinus orca: effects of age, sex and dietary preference. Mar.
Pollut. Bull. 40, 504–515. http://dx.doi.org/10.1016/S0025-326X(99)00233-7.

Sarà, G., Dean, J., D'Amato, D., et al., 2007. Effect of boat noise on the behaviour of bluefin
tuna Thunnus thynnus in the Mediterranean Sea. Mar. Ecol. Prog. Ser. 331, 243–253.

Sella, M., 1928. Biologia e pesca del tonno (Thunnus thynnus L.). Atti Conv Biol Mar Appl
Pesca, pp. 1–32.

Sella, M., 1929. Migrazioni e habitat del tonno (Thunnus thynnus L) studiati col metodo
degli ami, con osservazioni su l'accrescimento, sul regime delle tonnare ecc. Mem R
Com Talassogr Ital 156, pp. 511–542.

http://dx.doi.org/10.1093/biomet/71.1.1
http://dx.doi.org/10.1093/biomet/71.1.1
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0020
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0020
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0025
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0025
http://dx.doi.org/10.1371/journal.pone.0076445
http://dx.doi.org/10.1371/journal.pone.0076445
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0035
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0035
http://dx.doi.org/10.1017/S0025315413001124
http://dx.doi.org/10.1093/beheco/arr151
http://dx.doi.org/10.1093/beheco/arr151
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0050
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0050
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0050
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0055
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0055
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0060
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0060
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0065
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0065
http://dx.doi.org/10.1016/j.biocon.2011.12.021
http://dx.doi.org/10.1111/j.1600-0587.2009.05968.x
http://dx.doi.org/10.1016/j.biocon.2014.04.023
http://dx.doi.org/10.1126/science.1212928
http://dx.doi.org/10.1126/science.1212928
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0090
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0090
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0090
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0095
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0095
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0095
http://dx.doi.org/10.3354/meps07164
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0105
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0105
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0110
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0110
http://dx.doi.org/10.1007/s00265-015-2029-3
http://dx.doi.org/10.1017/S002531541300091X
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0125
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0125
http://dx.doi.org/10.1093/biomet/80.1.27
http://dx.doi.org/10.1038/428910a
http://dx.doi.org/10.1007/s10682-009-9337-x
http://dx.doi.org/10.1111/j.1365-294X.2010.04957.x
http://dx.doi.org/10.1111/j.1365-294X.2010.04957.x
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0150
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0150
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0150
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0155
http://dx.doi.org/10.1111/j.1467-2979.2005.00197.x
http://dx.doi.org/10.1111/j.1467-2979.2005.00197.x
http://dx.doi.org/10.1016/j.marpol.2014.01.018
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0170
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0170
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0170
http://dx.doi.org/10.3354/meps07035
http://dx.doi.org/10.4067/S0718-19572013000100007
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0185
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0190
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0190
http://dx.doi.org/10.1021/es0702519
http://dx.doi.org/10.1093/molbev/msm063
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0205
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0205
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0210
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0210
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0215
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0215
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0220
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0220
http://dx.doi.org/10.1016/j.mambio.2009.03.006
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0230
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0230
http://dx.doi.org/10.1017/S0025315413000933
http://dx.doi.org/10.1017/S0025315413001409
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0245
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0245
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0250
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0250
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0255
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0255
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0255
http://dx.doi.org/10.3354/meps07273
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0265
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0265
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0265
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0270
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0270
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0270
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0275
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0275
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0280
http://dx.doi.org/10.1139/z03-127
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0290
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0290
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0295
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0295
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0295
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0300
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0300
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0300
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0305
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0305
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0310
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0310
http://dx.doi.org/10.1021/es0495011
http://dx.doi.org/10.3354/ab00340
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0325
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0330
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0330
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0335
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0335
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0335
http://dx.doi.org/10.1016/S0025-326X(99)00233-7
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0345
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0345
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0350
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0350
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0355
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0355
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0355


38 R. Esteban et al. / Biological Conservation 194 (2016) 31–38
Sherley, R.B., Winker, H., Altwegg, R., et al., 2015. Bottom-up effects of a no-take zone on
endangered penguin demographics. Biol. Lett. 11, 20150237. http://dx.doi.org/10.
1098/rsbl.2015.0237.

Sprague, M., Dick, J., Medina, A., Tocher, D., 2012. Lipid and fatty acid composition, and
persistent organic pollutant levels in tissues of migrating Atlantic bluefin tuna
(Thunnus thynnus, L.) broodstock. Environ. Pollut. 171, 61–71.

Srour, A., 1994. Développement de la nouvelle pêcherie artisanale au thon rouge dans la
région de Ksar sghir. Note d'information ISPM 26, pp. 10–11.

Sugiura, N., 1978. Further analysts of the data by Akaike's information criterion and the
finite corrections: further analysts of the data by Akaike's. Commun. Stat. Methods
7, 13–26.

Sumaila, U.R., Huang, L., 2012. Managing bluefin tuna in the Mediterranean Sea. Mar.
Policy 36, 502–511. http://dx.doi.org/10.1016/j.marpol.2011.08.010.

Taylor, N.G.N., McAllister, M.M.K., Lawson, G.G.L., et al., 2011. Atlantic bluefin tuna: a
novel multistock spatial model for assessing population biomass. PLoS One 6,
e27693. http://dx.doi.org/10.1371/journal.pone.0027693.

Tixier, P., Authier, M., Gasco, N., Guinet, C., 2014. Influence of artificial food provisioning
from fisheries on killer whale reproductive output. Anim. Conserv. 18, 207–218.
http://dx.doi.org/10.1111/acv.12161.

Visser, I., 2000. Orca (Orcinus orca) in New Zealand Waters (Dissertation, University of
Auckland, New Zealand).

White, G.C., 2002. Discussion comments on: the use of auxiliary variables in capture–re-
capture modelling. An overview. J. Appl. Stat. 29, 103–106. http://dx.doi.org/10.1080/
02664760120108476.

White, G.C., Burnham, K.P., 1999. Program MARK: survival estimation from popula-
tions of marked animals. Bird Study 46, S120–S139. http://dx.doi.org/10.1080/
00063659909477239.
Williams, R., Noren, D.P., 2009. Swimming speed, respiration rate, and estimated cost of
transport in adult killer whales. Mar. Mammal Sci. 25, 327–350. http://dx.doi.org/
10.1111/j.1748-7692.2008.00255.x.

Williams, R., Clark, C.W., Ponirakis, D., Ashe, E., 2014. Acoustic quality of critical habitats
for three threatened whale populations. Anim. Conserv. 17, 174–185. http://dx.doi.
org/10.1111/acv.12076.

Williams, T., Estes, J., Doak, D., Springer, A., 2004. Killer Appetites: Assessing the Role of
Predators in Ecological Communities. Ecology.

Williams, R., Krkošek, M., Ashe, E., et al., 2011. Competing conservation objectives for
predators and prey: estimating killer whale prey requirements for Chinook salmon.
PLoS One 6, e26738. http://dx.doi.org/10.1371/journal.pone.0026738.

Williams, R., Lusseau, D., Hammond, P.S., 2006. Estimating relative energetic costs of
human disturbance to killer whales (Orcinus orca). Biol. Conserv. 133, 301–311.
http://dx.doi.org/10.1016/j.biocon.2006.06.010.

Williams, R., Trites, A.W., Bain, D.E., 2002. Behavioural responses of killer whales (Orcinus
orca) to whale-watching boats: opportunistic observations and experimental ap-
proaches. J. Zool. 256, 255–270.

Wilson, S., Block, B., 2009. Habitat use in Atlantic bluefin tuna Thunnus thynnus inferred
from diving behavior. Endanger. Species Res. 10, 355–367. http://dx.doi.org/10.
3354/esr00240.

Young, B.G., Higdon, J.W., Ferguson, S.H., 2011. Killer whale (Orcinus orca) photo-
identification in the eastern Canadian Arctic. Polar Res. 30, 1–7. http://dx.doi.org/
10.3402/polar.v30i0.7203.

http://dx.doi.org/10.1098/rsbl.2015.0237
http://dx.doi.org/10.1098/rsbl.2015.0237
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0365
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0365
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0365
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0370
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0370
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0375
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0375
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0375
http://dx.doi.org/10.1016/j.marpol.2011.08.010
http://dx.doi.org/10.1371/journal.pone.0027693
http://dx.doi.org/10.1111/acv.12161
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0395
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0395
http://dx.doi.org/10.1080/02664760120108476
http://dx.doi.org/10.1080/02664760120108476
http://dx.doi.org/10.1080/00063659909477239
http://dx.doi.org/10.1080/00063659909477239
http://dx.doi.org/10.1111/j.1748-7692.2008.00255.x
http://dx.doi.org/10.1111/acv.12076
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0420
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0420
http://dx.doi.org/10.1371/journal.pone.0026738
http://dx.doi.org/10.1016/j.biocon.2006.06.010
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0435
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0435
http://refhub.elsevier.com/S0006-3207(15)30177-4/rf0435
http://dx.doi.org/10.3354/esr00240
http://dx.doi.org/10.3354/esr00240
http://dx.doi.org/10.3402/polar.v30i0.7203

	Dynamics of killer whale, bluefin tuna and human fisheries in the Strait of Gibraltar
	1. Introduction
	2. Materials and methods
	2.1. Data collection
	2.2. Life history parameters
	2.2.1. Abundance
	2.2.2. Mark-recapture analysis
	2.2.2.1. Survival rate
	2.2.2.2. Population growth rate

	2.2.3. Reproductive rates

	2.3. Interaction between tuna drop-line fisheries and killer whales
	2.4. Energetic requirements of killer whales
	2.5. Statement on animal subjects

	3. Results
	3.1. Data collection
	3.2. Life history parameters
	3.2.1. Abundance
	3.2.2. Survival rate
	3.2.3. Population growth rate
	3.2.4. Reproductive rates

	3.3. Interactions with the drop-line fishery
	3.4. Energetic requirements of killer whales

	4. Discussion
	Acknowledgements
	Appendix A. Supplementary data
	References


