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Abstract

Coastal shark populations have been subject to increasing anthropogenic pressure
over the past two decades. This study focused on two lemon shark (Negaprion
brevirostris) populations, the site-attached maturing sub-adults at the Island of
Bimini, Bahamas, threatened by a large-scale resort development, and adults
forming winter aggregations off thce coast of Jupiter, Florida, subject to direct
fishing pressure. For the sub-adult population, analysis was carricd out on the
long-term temporal patterns in abundance and population structure, relative to
potential driving factors, and the influence of variables affecting longline catch-
rates used as the basis for stock asscssment. For the aggregating adult
population, life-history aspects of population structure and distribution were
investigated for relative implications on the species’ vulnerability status. The
following analysis and methodologies were utilised to investigate the two
populations: longline catch records from 1982 — 2008: monitoring of variables
potentially affecting longline catch-rates; documentation of shark behavioural
intcractions with longline cquipment using underwater video surveillance; acrial
surveying for abundance estimates; comparison of spatial utilisation patterns with
longline catch locations; external tagging: the utilisation of archival satellite tags;
passive tracking with Vemco acoustic monitoring system and research
collaborations with other scientific groups utilising the same acoustic monitoring
system. The key findings of this study were that in the northwest Atlantic, N.
brevirostris populations arc cxperiencing considerable anthropogenic pressure at
all life-stages. In Bimini, the effects of a large-scale resort development have
resulted in a significant decline in abundance, to a level (~52 individuals) well
below the temporal average (~158). On the U.S. cast coast, scasonal aggregating
behaviour has further increased vulnerability through increased catchability,
beyond the highly vulnerable status alrcady attributed to this species, and
targeted N. brevirostris fisherics appear to be currently operating at unsustainable
levels. Shark longline catchability was noted to be significantly influenced by
multiple shark presence, resulting in greater susceptibility for N. brevirostris (and
other similar species) that naturally cxhibit group bchaviour.  Incidental

cncounterability and predation risk significantly influenced longline catch-rates.
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Adult N. brevirostris cxhibited large-scale seasonal migrations on the U.S. cast
coast, which, in addition to documented international transitions, supports
cxisting evidence for genetic mixing across the distribution. Water temperature
was found to be a significant driver of N. brevirostris behaviour at all life-stages,
with an apparent adult temperature preference of ~24°C. This study represents
the first long-term abundance asscssment for sub-adult N. brevirostris, and the
first in-depth study to focus on an adult N. brevirostris population. The results
provide essential life-history information. revealing that at all life-stages N.
brevirostris appear to be highly sensitive to anthropogenic activities, relative to
other species, and therefore require enhanced management for specics protection.
It is therefore highly recommended that N. brevirostris be added to the U.S.
prohibited species list.
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1.1. Chapter Introduction

This chapter provides a gencral background to the role of apex predators in marine
ccosystems and general shark life-history relevant to the rescarch focus of this study.
The cxisting lemon shark (Negaprion brevirostris Poey 1868) life-history
information relevant to this study is detailed along with the official current
conscrvation status for this species. This is followed by the description of the study
populations that form the rescarch focus, the resecarch motivation behind, and the

overall aims and objectives of, this study.

1.1.2. Apex Predators

The work of Volterra (1928) long ago highlighted the importance of apex predators
in the functioning of terrestrial ecosystems, with particular reference to population
dynamics and energy exchanges between trophic levels. Apex predators are no less
important in the marinc environment than the terrestrial (Gruber, 1982). Smith and
Mecad (1974), Stecle (1974) and Hassell (1976), among others, have demonstrated
that apex predators can induce both oscillating and stabilising influences on
ccosystem dynamics. Therefore the population dynamics of apex predators closely
influence the ecosystems they inhabit. Many past population studies in the marine
cnvironment have focused solely on telcost species, yet, in the many marine
cnvironments, the influence of arguably the most important predators — the sharks —
has often been overlooked (Gruber, 1982, Strasburg, 1958, Moss, 1972, Soucie,
1976, Gruber, 1977b, Myrberg, 1976).

Sharks, like all apex predators, have a very important influence over the equilibrium
of the ccosystems they inhabit. Bascompte ct al (2005) recently constructed a
quantitative ecosystem model of a Caribbean coral reef food web, which suggested
that sharks rcgulate the population size of large piscivorous fishes, in turn controlling
herbivorous fish populations that graze algac, therefore maintaining the overall
balance of the system (Pikitch ct al., 2005). This suggests that, in this cxample, a
decline in the shark population could ultimately lead to a shift from coral to algal
dominated reefs (Pikitch ct al., 2005, Bascompte ct al., 2005). Additionally, due to
predation of smaller sharks by larger sharks, declines in the abundance of larger
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sharks can lead to an increase in abundance of smaller sharks (Ulrich, 1995). Aside
from their ecological importance, in many regions around the globe, living sharks are
of more economic value to humans than the market value from harvest in fisheries
(Info, 2000). Sharks are highly valued by some sports anglers, who usually now take
only small numbers, but may contribute significantly to our knowledge by
participating in tagging and research programmes, and are important contributors to
the economy of coastal communities (Kohler and Turner, 2001, Trust, 2005). Sharks
are also one of the main target species for observations by scuba-divers participating
in a multi-million dollar industry, as well as drawing large attention from other

members of the public at aquaria.

Chondrichthyes all diverged from a common ancestor, retaining the same major
skeletal features for the duration of their 400 million year existence (Motta et al.,
1997, Schaeffer and Williams, 1977, Long and Long, 1995), in which time they have
evolved to exploit a wide variety of niches in the aquatic environment (Compagno,
1990). Despite a global distribution, much recent media attention and growing
conservation concems, relatively little is known of many biological and life-history
aspects of elasmobranchs (Feldheim et al., 2001a). Sharks typically show K-selected
life-history strategies, displaying slow growth rates, late maturity, long gestation
periods and low fecundity (Musick et al.,, 2000). Sharks and other elasmobranchs
account for low fecundity by maternally investing in larger offspring with relatively
high survival rates (Frisk et al., 2001, Hussey et al., 2009b). Female sharks only
produce enough offspring to sustain the population under low, natural levels of
mortality, and communities are unable to sustain higher levels of mortality through
increased fecundity to replace the large quantities lost through anthropogenic
influences (NMFS, 1999). Therefore survival at the immature life-stage
subsequently has considerable influence over total shark population dynamics (Frisk
et al., 2001). Sharks clearly differ from long-lived teleost fish in their population
biology, therefore management plans designed for teleost fish are inappropriate for
application to shark stocks (Feldheim et al., 2001a, Musick et al., 2000).

Sharks have few natural predators, principally other larger sharks, such that
anthropogenic impacts are of key importance in affecting shark species populations
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(Musick et al., 2000, NOAA, 1995, Pratt et al.,, 1990). Globally, it has been
estimated that some 100 million sharks have been harvested annually in recent years
(Bonfil, 1997, Trust, 2005, Bonfil, 2000). The growth of many targeted shark
fisheries has been driven by the recent expansion of demand in the international trade
for shark products, particularly fins to supply the East Asian market (NMFS, 1999).
Baum et al. (2003) and (2004) reported that long-line fisheries were responsible for
declines of scalloped hammerheads (Sphyrna lewini) by 89%, threshers (Alopias sp.)
by 80%, white sharks (Carcharodon carcharias) by 79%, oceanic whitetips
(Carcharhinus longimanus) by 70%, tiger sharks (Galeocerdo cuvier) by 65% and
blue sharks (Prionace glauca) by 60%. Though there is currently much debate over
the validity of this data (Baum et al., 2005, Burgess et al., 2005a, Burgess et al.,
2005b), even a fraction of these values would indicate a serious need for more
effective shark management. However, effective management is only built upon

sound life-history data and accuracy of stock assessments (Cortes, 2004).

In recent years, beginning in the early 1980s, U.S. shark resources have received a
reasonable amount of attention in the form of many biological studies, encompassing
several commercially important species, (Bonfil, 1997, Prince and Pulos, 1983, Pratt
et al., 1990). Focused biological studies resulted in shark management plans to be
initiated in the late 1980s that has helped to control the previously rapidly increasing
exploitation (Bonfil, 1997, NOAA, 1995). A major advance in U.S. shark
management occurred in 2002 with the complete ban of all shark finning (the
removal and retention of a captured shark’s fins only, with the body discarded), both
commercial and recreational, whereby all harvested sharks have to be landed whole
with the fins intact (NOAA/NMFS, 2006). A number of shark species have been
added to the ‘prohibited species list’ (Appendix 1), which prohibits the landing of the
listed species in U.S. state and federal waters (NOAA/NMFS, 2006). On a global
scale, basking sharks (Cetorhinus maxim’s), whale sharks (Rhincodon typus) and
white sharks (Carcharodon carcharias) have all been added to the Convention of
International Trade in Endangered Species (CITES) Appendix II, which has resulted
in international trade of these species being heavily regulated (CITES, 2009). The
importance of protecting shark stocks is increasing in global recognition and

resultant management measures are progressively being implemented. The
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subsequently high demand for comprehensive shark species life-history, and accurate
stock assessment data, is driving the feasibility in executing studies of this nature

through the availability of funding resources.

1.1.3. Existing lemon shark (Negaprion brevirostris) life-history
information and current conservation status

The lemon shark (Negaprion brevirostris; Poey 1868) is classed as a Large Coastal
Shark (LCS) species (NOAA/NMEFS, 2006). Belonging to the family
Carcharhinidae, it is a large stocky, blunt nose shark, most easily identified by its
similarly sized first and second dorsal fins (Compagno, 1988). N. brevirostris most
commonly inhabit shallow sub-tropical waters around coral reefs, mangroves,
seagrass beds, enclosed bays, sounds and river mouths (Morgan, 2005, Compagno,
1988), with a diet consisting mainly of bony fish and crustaceans (Wetherbee et al.,
1990, Morrissey and Gruber, 1993a, Morrissey and Gruber, 1993b, Cortes and
Gruber, 1990, Motta et al.,, 1997, Newman, 2003). N. brevirostris are active
predators that use their eyes for hunting (Cohen, 1990), and all elasmobranchs, like
most vertebrates, are able to see over a range of 10 log units of light intensity, from
very bright to very dim (Cohen and Gruber, 1977, Gruber and Cohen, 1978). M.
brevirostris are very well visually adapted for the near shore, coastal and even
freshwater environments (Cohen, 1990). The visual pigment of the juvenile N.
brevirostris was found to be better optimised for the shallow water environment than
that of the adult (Cohen, 1990), which logically follows the ontogenetic shift from
extremely shallow to deeper water through the N. brevirostris life-stages (Gruber,
1982). Like most shark species, N. brevirostris have the sensory ability for
electroreception and can detect voltage gradients as low as 0.01 yV/cm, within the
frequency range from DC up to 8Hz (Dawson et al., 1982, Fields, 2007, Lisney et al.,
2007, Mello, 2009). It is commonly accepted that sharks use this sense for
navigation and predation, and in relation to shark fishing the possible detection of the

metal hook and leader.

N. brevirostris are one of the larger Carcharhinidae species, reaching a maximum

length of ~260 cm Pre-Caudal Length (PCL), with both females and males reaching
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sexual maturity at around 12 years of age and ~166 cm PCL (Morgan, 2005, Brown
and Gruber, 1988, Gruber et al., 1985). Three distinct life-stages are recognised for
N. brevirostris: nursery bound juvenile (45 — 80 cm PCL) and sub-adult (81 — 165
cm PCL) both defined by home-range relative to age and size, and adult (166+ cm
PCL) defined by the individual reaching sexual maturity (Gruber, 1982, Morgan,
2005, Sundstrém et al., 2001, Compagno, 1988). N. brevirostris are viviparous and
therefore give birth to live free swimming pups, in litters of 4 — 17 individuals,
therefore like many elasmobranch species, N. brevirostris depend on high maternal
investment in a low number of large sized offspring (Feldheim et al., 2002a). N.
brevirostris offer no physical post natal care to their offspring, and therefore rely on
the suitability of the nursery site to ensure the relatively high level of survivorship
for their litter (Feldheim et al., 2002a, Hussey et al., 2009b). At the nursery bound
Jjuvenile life stage N. brevirostris growth rate is largely govermned by prey availability
(Cortes and Gruber, 1994, Gruber, 1982) with a maintenance requirement of 20,600
calories or 16.5g of food per day, which is ~1.7% of their total body weight (Cortes
and Gruber, 1990). Therefore at the nursery bound juvenile life-stage, M.
brevirostris rely heavily for growth and survival on the prey availability within the

nursery grounds they inhabit (Frisk et al., 2001).

N. brevirostris is one of, if not the, most intensively studied shark species (Ache de
Freitas et al., 2009, Barker et al., 1997, Brown and Gruber, 1988, Chapman et al.,
2009, Cohen and Gruber, 1977, Cortes and Gruber, 1994, Cortes and Gruber, 1992,
Cortes and Gruber, 1990, de Freitas et al., 2009, Dibattista et al., 2007, Feldheim et
al,, 2001a, Feldheim et al., 2002a, Feldheim et al., 2004, Franks and Gruber, 2007,
Freitas et al., 2006, Gruber, 1982, Gruber, 1984, Gruber et al., 1985, Gruber and
Stout, 1983, Morrissey and Gruber, 1993a, Morrissey and Gruber, 1993b, Motta et
al., 1997, Nixon and Gruber, 1988, Rasmussen and Gruber, 1993, Sundstrém et al.,
2001, Watsky and Gruber, 1990, Wetherbee et al., 1990, Wetherbee et al., 2007).
However, to date the vast majority of this research has focused on the juvenile life-
stage and to a lesser extent the sub-adult life-stage (Kessel et al., 2009b). The
majority of existing life-history data relating to the N. brevirostris adult life-stage
had been reconstructed from the genetics obtained from juveniles (Dibattista et al.,
2008, Feldheim et al., 2001a, Feldheim et al., 2002a, Feldheim et al., 2001b,
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Feldheim et al., 2004). Reconstruction to a satisfactory level of confidence was
possible due to the extensive N. brevirostris genetic bank, that represents the second
longest running fish genetic bank for any species, second only to salmon

(Salmonidae; personal communications, Feldheim 2009).

From the genetic reconstructions, a number of discoveries were made relative to
mature N. brevirostris life-history, some of which were the first examples of their
kind for any shark species. Reconstruction revealed a biennial breeding cycle for
mature N. brevirostris, with mature female N. brevirostris divided into two breeding
groups, one group exhibiting parturition in even years and one group in odd
(Feldheim et al., 2002a). N. brevirostris were the first shark species found to be
polyandrous, with 86% of litters at Bimini found to have multiple (2 — 4) sires
(Feldheim et al., 2001b, Feldheim et al., 2004, Dibattista et al., 2008). Female N.
brevirostris were found initially to display a high level of philopatry (Feldheim et al.,
2004), which more recently was confirmed as the first recorded case of specific natal
homing for any shark species, through a combination of genetic and external tagging
(Feldheim et al., 2009). Therefore the environmental health and state of all specific
nursery sites is important for N. brevirostris breeding behaviour. Conversely, with
the genetic markers of individual mature male N. brevirostris rarely replicated in
separate breeding seasons, mature male N. brevirostris were assumed to be nomadic
and wide roaming in their mature life-stage movements (Dibattista et al., 2008,
Feldheim et al., 2002a, Feldheim et al., 2001b, Feldheim et al., 2004). Finally,
through the analysis of DNA microsatellite variation, the western Atlantic
distribution of N. brevirostris was found to represent a single stock unit (Feldheim et
al., 2001a). Therefore the geographic regions addressed by this study (see below)

represent N. brevirostris individuals from a single stock unit.

Many N. brevirostris life-history qualities make it the perfect species to form the
focus of this study. Due to its large size and lack of natural predators in the adult
stages, N. brevirostris is considered an ‘apex predator’ (Gruber 1982). N.
brevirostris arec commercially targeted, thus economically valuable and directly
subject to fisheries pressure (NOAA/NMFS, 2006, Morgan et al., 2009). N.

brevirostris size, abundance, generalised structure, case of capture and adaptability to
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captivity (Gruber 1982) makes this species perfectly suited to systematic
investigation. These characteristics have also allowed the collection of behavioural,
bioenergetic and physiological data in both the field and laboratory (Gruber, 1982).
Due to its unspecialised body shape and relatively average size of maturity in
comparison to most other sharks, for N. brevirostris, many of the heretofore
intractable elements of autecology of a tropical marine shark are soluble (Gruber,
1982). This will therefore allow the results of this study to be applied broadly to
many other subtropical shark populations.

Currently N. brevirostris are classed as a Highly Migratory Species (HMS) by the
National Marine Fisheries Service (NMFS; NOAA, 2009). N. brevirostris
conservation status is currently listed as ‘Near Threatened’ by the International
Union for Conservation of Nature (IUCN) Red List, largely due to habitat
degradation of nursery areas (IUCN and SSC, 2000).

1.1.4. N. brevirostris study populations

This study focused on two populations of N. brevirostris, geographically separated
by 160 km on opposing sides of the Gulf Stream, Bimini, Bahamas to the east and
Jupiter, Florida to the west (Figure 1).

1.1.4.1. Bimini, Bahamas (25°44 N, 79°16 W)

The Bimini Islands are located on the far western edge of the Great Bahama Bank,
approximately 80 km due east, across the Gulf Stream, from the Continental U.S.
Considered a Mecca for big game fishing in the early 1900s, Bimini was frequented
by the late author Emest Hemmingway and provided the muse for his famous work
‘The Island in the Stream’ (Saunders, 2000). The current resident population of
Bimini is ~1600 people, with development historically consisting of low-scale
residential and small-scale tourists resorts with ~80 slip mariners (Saunders, 2000,
Gruber, 2002). Bimini's economy revolves predominately around the marine
environment through dive tours, and recreational and artisinal fisheries (Lutz et al.,
2002), and it has been estimated that the tourism related annual value for each live

shark in the Bahamas is around US$15,000 (Info, 2000). The Bimini Islands are
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surrounded by a wide range of marine habitats that have resulted in the presence of a
high shark biodiversity and abundance (Chapman et al., 2009, Feldheim et al.,
2002a).

100 km

Jupiter
aggregation
grounds

FLORIDA

BAHAMAS

Bimini

Figure 1. Geographical locations of N. brevirostris study populations

Bimini supports a relatively abundant N. brevirostris population containing all life-
stages from neonate juveniles through to mature adults (Feldheim et al., 2002a) as a
result of Bimini’s habitat diversity, which includes a number of primary mangrove
fringed nurseries, a large secondary sub-adult population in the central lagoon, the
extensive shallow waters of the Great Bahama Bank to the east and the deep waters
of the Gulf Stream to the west (Feldheim et al., 2002a, Chapman et al., 2009). For
populations such as the Bimini N. brevirostris, with multiple age cohorts inhabiting
the same areas, interactions can be an important source of density dependence, which

in turn is essential for regulating population dynamics (Webster, 2004). For
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example, juvenile mortality increases as a function of adult density from inter-
species predation and competition with adults, thus forcing them to overlap spatially
with other predators (Webster, 2004). Therefore population growth rate is influenced
inversely by population size, which can in turn stabilise population dynamics
(Royama, 1977, Cappuccino and Price, 1995, Hixon and Webster, 2002). In a stage-
structured population such as the Bimini N. brevirostris population, a good
knowledge of the relative abundance of individuals at the various life stages is
necessary to accurately predict the population fluctuations (Webster, 2004). The
extensive existing body of research focused upon the Bimini N. brevirostris, in
addition to the high level of site attachment at the sub-adult life-stage (Chapman et
al., 2009), made Bimini the ideal location to investigate N. brevirostris secondary

population dynamics.

The Bimini N. brevirostris nursery grounds are believed to provide crucial
recruitment for the N. brevirostris populations of the Bahamas (Barker et al., 1997)
and the western Atlantic Bank (Bright, 1999). In 2000, proposals for the designation
of a Marine Protected Area (MPA), compromising the N. brevirostris mangrove
fringed nursery grounds of the North Bimini Island, (Figure 2) was announced. The
MPA proposal was in response to the identification of areas of importance in
providing nursery habitats for several commercially important and endangered
species, as the sole mangrove habitat on the western Bahama Bank (Lutz et al., 2002,
Gruber, 2002). The MPA, largely intended to restrict the mega-resort development
activities of the ‘Bimini Bay Development’, was initiated in 1997, with plans
including mass seabed excavation and the complete removal of all North Sound
nursery fringing mangroves (Appendix 2; Gruber, 2002, Jennings et al., 2007).
However, a change of government in May 2002 resulted in a loss of support for the
MPA proposal and the granting of planning permission to the Bimini Bay
Development for the full extent of its site plans (Jennings et al., 2007, Lutz et al.,
2002, Gruber, 2002). Subsequently, to date mass seabed excavation has been
conducted in addition to the removal of 30% of total fringing mangroves from the
North Sound nursery (Jennings et al., 2007). Results of a study by Jennings et al

(2007) showed a decrease in nursery seagrass bed coverage and a reduction in
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nursery bound juvenile N. brevirostris survival rates, subsequent to the initiation the

large-scale Bimini Bay Development.

BIMINI BAY
DEVELOPMENT

East Well*

NORTH BIMINI

H BIMINI

100 km

Figure 2. Designated area of North Bimini MPA (BBFS, 2009b)

1.1.42.  Jupiter, Florida (26*55 N, 80*06 W)

Jupiter is a coastal community located on the southeast Atlantic coast of Florida,
with a total resident population of-39,328 people in 16,945 households (TOJ, 2009).
Jupiter is centred on the Loxahatchec River and the Jupiter Inlet leading out to the

Atlantic Ocean, with a long history of small scale local commercial fisheries. The
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marine environment is comprised of the relatively thin continental shelf (~6 km)
dropping off steeply to the east into the deep waters of the Gulf Stream. The shelf
contains reef-lines at 50 and 120 m depth contours, with an intermittent string of
artificial reefs, running south to north established between Delray Beach (26°27 N,
80°04 W) to the south and Hobe Sound (27°04 N, 80°08 W) to the north. The natural
and artificial reefs of the area provided habitat for a variety of marine creatures
including several species of shark. In tumn the region receives a large amount of
attention from boaters, scuba divers, spearfishers, and recreational and small scale

commercial fishing.

In 2001, aggregations of N. brevirostris were reported off the coast of Jupiter,
Florida. The aggregating groups were reported to be comprised of mixed sex adult
N. brevirostris numbering up to and in excess of 100 individuals in any given
aggregating group. Repeated year-on-year reports and documentation of aggregating
groups of N. brevirostris during the winter months, from December — April, provided
evidence of a reliably occurring adult N. brevirostris population. The discovery of
the aggregating N. brevirostris allowed for the formation of the first long-term
research study to focus on a wild adult N. brevirostris population. Thus presented
the first opportunity to reliably, consistently and thoroughly, study the adult N.
brevirostris life-stage, in an attempt to fill the lacunae in the understanding of the

complete N. brevirostris life-history.

1.1.5. Research motivation

Recent years have seen a global increase of interest in elasmobranchs, particularly in
relation to the need for management advice (IMM, 1997, ICES, 1997) and
conservation (STECF, 2002). However, the biggest hurdle in achieving this is a
basic lack of species life-history data to be used in assessment (Rodriguez-Cabello et
al., 2004, Feldheim et al., 2001a, Cortes, 2002, NMFS, 1999, NOAA, 1995, Musick
et al.,, 2000). The lack of species life-history data, in addition to limited
understanding over the effects of variables affecting catch rates, can lead to
considerable errors in the stock assessments that form the basis for management

decisions (Cortes, 2004, Gruber and Hoenig, 1990, Pratt et al., 1990, Musick et al.,
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2000). For example, populations can often be underestimated from mark-recapture
data. Otway et al. (2004) found that population estimates of Australian grey nurses
(Carcharias taurus), based on mark-recaptures, were around 300 individuals of an
actual population of closer to 1000. Also, as part of stock assessment of the
whiskery shark (Furgaleus macki) in south-western Australia Simpfendorfer et al.
(2000) found raw catch and effort data to produce unrealistic estimates of true
current biomass. The identified inaccuracies highlight the need to improve the

understanding of assessment techniques, in order to improve the accuracy of results.

The recent publication of high profile articles, suggesting the collapse and possible
extirpation of the northwest Atlantic and Gulf of Mexico shark stocks (Baum et al.,
2003, Baum and Myers, 2004), may have greatly influenced a number of subsequent
conservation decisions, despite much scepticism from the scientific community over
the validity of the results (Burgess et al., 2005a, Burgess et al., 2005b, Baum et al.,
2005). Many questions were raised in relation to shortfalls in accounting for
influencing variables in the analysis catch records (Burgess et al., 2005a), however
the true influence of many of the driving variables over shark catch rates are
currently poorly understood (Ward, 2008). Additionally, the lack of life-history data
such as habitat utilisation pattemns, for many shark species is restricting the ability for
effective stock assessments, as an essential requirement of which is the definition of
the area of distribution and its geographical limits (Rodriguez-Cabello et al., 2004).
Booke (1981) gave the general definition of a stock as: “a species group or
population of fish that maintains and sustains itself over time in a definable area”.
Therefore, stock assessment for elasmobranchs is entirely dependent on accurate
estimations of population size, dispersal capability and annual survival (Otway et al.,
2004).

For N. brevirostris, despite an extensive existing Bimini longline catch database, no
in-depth population assessment has ever been conducted for the secondary sub-aduit
life-stage lagoon based population. The Bimini N. brevirostris longlines catch
database spans from 1982 — 2008, but to date had never been critically analysed for
temporal variations in catches. Additionally for the juvenile and sub-adult M.

brevirostris life-stages, a comprehensive understanding, relative to other shark
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species, is provided by the extensive body of past N. brevirostris focused studies (see
section 1.1.3), thus provided a good platform for the critical analysis of the Bimini
longline catch dataset. At the N. brevirostris adult life-stage the western Atlantic
distribution had previously been genetically demonstrated to represent a single stock
unit (Feldheim et al., 2001a). However, a lack of focused study on mature N.
brevirostris has resulted in a poor understanding of adult life-history, for this species,
on which to base effective stock assessments (Otway et al., 2004). The discovery of
the seasonal Jupiter adult N. brevirostris winter aggregations subsequently provided
the research opportunity to greatly increase the understanding of the N. brevirostris
adult life-history, to in turn facilitate more effective stock assessment on which to

base future management decisions.

In Bimini, Bahamas, the mega-resort activities of the Bimini Bay Development had
been documented to have reduce N. brevirostris nursery survival rates (Jennings et
al., 2007). Survival rates at the juvenile life-stage often has great influence on the
population abundance growth rate of long-lived species such as N. brevirostris (Frisk
et al., 2001), thus the long-term existing Bimini longline dataset, with results prior
and post development activities, provided the opportunity to assess the secondary

effects of the Bimini Bay Development activities to the lagoon sub-adult population.

In a recent Environmental Risk Assessment (ERA) conducted by the National
Marine Fisheries Service (NMFS), N. brevirostris was found to be the Large Coastal
Shark (LCS) species most vulnerable to the direct pressure imposed by the U.S. east
and Gulf coast commercial fisheries (Cortes et al., 2008). The results of the ERA
highlighted the urgent need to provide mature life-history data for N. brevirostris
inhabiting U.S. east and Gulf coast waters, to allow for effective management
regulations to be devised in response to the newly attributed highly vulnerable status

for this species.

Driven by the identified research motivations, the overall aims of this study were to
a) assess the long-term temporal patterns of the Bimini lagoon N. brevirostris
population, in relation to potential driving factors; b) assess the life-history structure,

distribution and vulnerability of the Jupiter aggregating N. brevirostris population;
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and c) assess the influence of variables affecting longline catch rates used for the
basis of stock assessments. The stated aims were achieved by the critical analysis of
the Bimini longline database from 1982 — 2008, the incorporation of existing N.
brevirostris life-history data in the analysis of results, the monitoring of variables
potentially affecting longline catch-rates, the documentation of shark behavioural
interactions with longline equipment using underwater video surveillance, aerial
surveying of the Bimini lagoon N. brevirostris population, the comparison of Bimini
sub-adult N. brevirostris spatial utilisation patterns with longline catches, the
establishment of a representative Jupiter N. brevirostris aggregation study population
through polyball capture, processing and release, external tagging under the National
Marine Fisheries Service (NMFS) Cooperative Shark Tagging Program (CSTP), the
utilisation of pop-off archival satellite tags, the passive tracking of mature N.
brevirostris using the Vemco® acoustic monitoring system, and research
collaborations with other scientific groups utilising the Vemco® acoustic monitoring
system. Between the two study sites, it was possible to assess the implications of the
contrasting pressures — mega-resort development driven habitat loss/alteration to a
secondary sub-adult dominated N. brevirostris population in Bimini, Bahamas, and
direct commercial fisheries pressure to the mature aggregating population of Jupiter,
Florida.

1.1.6. Thesis structure

This thesis has been structured so that the chapters are presented in a logical order.

Following on from this introduction:

Chapter 2 focuses on the historical section of the Bimini longline dataset from 1982
— 2003, divided into two research periods. The first period considers records from
the longlining activities, conducted during the Bimini research cruises, from 1982 —
1989, and the second period considers records from longlining activities conducted,
out of the island based Bimini Biological Field Station (BBFS), from 1992 - 2003.
Temporal analysis of the longline catch records was conducted for both periods and
comparisons between the two were made. The effects of potential influencing

variables were assessed throughout.
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Chapter 3 considers the results of the most recent research section of the longline
dataset from 2003 — 2008, following the initiation of a more comprehensive longline
regime design. Temporal analysis of the longline catch records was conducted for
the research period and comparisons with the two prior research periods, considered
in Chapter 2, were made. Additionally all longline catch records from 1982 — 2008
were considered as a single continuous dataset and temporal analysis was conducted.
Again the effects of potential influencing variables were assessed throughout, with a
greater level of detail provided by the additional monitoring of driving influences
during the new longline regime design. The temporal affects of the Bimini Bay
Development activities to the lagoon sub-adult N. brevirostris population, based on

the results of this study, are discussed in Chapters 2 and 3.

Chapter 4 focuses on the assessment of the effects of potential driving variables
over the Bimini longline catches. The implications of the results towards the
analysis of results in Chapters 2 and 3 are discussed, along with the broader potential

implications over longline based stock assessments.

Chapter 5 assesses the life-history, structure and distribution of the Jupiter
aggregating adult N. brevirostris population. The implications of the results relative
to identified anthropogenic pressures, and subsequently the overall N. brevirostris
vulnerability status in the U.S. east and Gulf coast commercial fisheries, are
discussed. Finally recommendations of alterations to shark management regulations,
at both a state and federal level for the U.S., based on the results of this study, are

given.

Chapter 6 details the key finding of this study. The collective implications of the
assessed variables for future shark stock assessment based on longline catch records
are discussed. Chapter 6 then draws together and discusses how the cross-chapter
results have advanced the understanding of N. brevirostris life-history and the
implications to the vulnerability of both the secondary N. brevirostris sub-adult site-
attached population in Bimini and the broader north-western Atlantic N. brevirostris
stock unit. The current progress in regard to protection for both populations is
detailed, followed by the overall conclusions based on the research described in

Chapters 1 - 5.
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1.1.7. Data sources

Chapter 2 - 1982 - 1989 research campaign data was collected was collected
entirely By Dr. Gruber and his various research team members. The author had no
active role in field data collection. All data was transcribe from the field data books
and organised by the author. 1992 —- 2003 research campaign data was collected by
the various staff and volunteers of the Bimini Biological Field Station (BBFS)
including the author from 2002 onwards. All data was transcribe from the field data
books and organised by the author.

Chapter 3 - the longline regime was designed by the author, based on past
longlining activities conducted by the BBFS research teams and during the 1980s
research cruises. All longline activities were conducted by the staff and volunteers

of the BBFS, led by and under the supervision of the author.

Chapter 4 - the baited hook video surveillance experiments were conceived and
designed by the author in conjunction with Dr. Nigel Hussey of the University of
Bangor, and data was collected in the field by the author in conjunction with Mark
Bond (an undergraduate industry placement student from Cardiff University) and
field teams comprised of BBFS volunteers. Acoustic tracking data was collected
from 1990 onwards by various project students of the BBFS (including the author
from 2002 onwards) and field teams comprised of BBFS volunteers. The aerial
surveys program was conceived and designed entirely by the author. Aerial surveys

were conducted by a field team comprised of BBFS staff, led by the author.

Chapter 5 — The Jupiter lemon shark project pilot studies were initiated by Dr.
Gruber and various volunteers that comprised a field research team in 2002. The
author joined the project and took over as principal investigator in 2007, shortly after
the focused research project was initiated. Following this time, all field data was
collected by a ficld research team led by the author. Data processing was conducted
in conjunction with Dr. Todd Gedamke of the National Marine Fisheries Service

(NMES).
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2. Historical longline catches
(1982 - 2003)
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2.2. Chapter Introduction

This chapter reports the historical Bimini longlining dataset and is divided into two
sections. The first section covers the research cruises from 1982 - 1989, and the
second comprises research conducted at the Bimini Biological Field Station (BBFS)
from 1992 - 2003. The aims of this chapter were to a) assess the shark population
dynamics, with specific focus upon lemon shark (Negaprion brevirostris), for
temporal patterns in catch proportions, Catch Per Unit Effort (CPUE), catch related
mortality, mark-recapture and mean Pre-Caudal Length (PCL); and b) to assess the
effects of external driving variables, including lunar, temperature, inter/intra-species
relationships, and anthropogenic influences, that have influenced the local shark
population dynamics. The aims were achieved by the compilation, organisation and
analysis of the historical Bimini longline database, the explanation of identified
patterns and relationships using existing species life-history information, and the
incorporation of influencing historical information, both anthropogenic and

environmental.

2.3. 1982 — 1989 research campaign

2.3.1. Background

Since the closure of the Learner Marine Laboratory in 1973, populations of shark
species present at the start of the research campaign in 1982 had not been subject to
any great anthropogenic pressures or disturbance, with terrestrial development
predominantly at a small-scale residential level (Lutz et al., 2002). A number of
marinas were built on the western side of the inner lagoon, but all were small scale at
around ~30 slips, and had been in place since the early 1900s. In the 1980s the entire
Bimini population totalled 1,450 people (Halberstein, 1980), a population size that
would unlikely have caused habitat alteration as the result of waste disposal into the
marine environment. In addition, the presence of the adjacent Gulf Stream meant
that waste, such as sewage, was not localised around the island but transported away
from it.
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No large-scale commercial fisheries have been present around the islands, and
locally, the only artisanal fisheries that have been in operation were for queen conch
(Strobus gigas) and spiny lobster (Panulirus argus; Lutz et al., 2002). Although it
does appear that these fisheries, even on a small scale, have resulted in the local
depletion of both of the aforementioned species (personal observations 2002 — 2008),
neither contribute significantly to the diet of N. brevirostris (Newman, 2003,
Wetherbee et al., 1990, Cortes and Gruber, 1990), therefore no direct effects on N.
brevirostris feeding and in turn abundance would have been likely.

The Bimini islands have historically been a popular destination for recreational sport
fishermen; however shark fishing has not typically been the focus of their efforts and
therefore N. brevirostris would have been caught only as by-catch (Saunders, 2000).
At the time of the first research cruise in March 1982, the N. brevirostris population

could be considered relatively uninfluenced by anthropogenic activities.

The research cruises of the 1980s were undertaken and led by Dr. Samuel H. Gruber
of the University of Miami. They were funded by the National Science Foundation
(NSF) under the long term research project entitted ‘Role of the lemon
shark Negaprion brevirostris in the Marine Ecosystem: A Multidisciplinary Study’.
The main purpose of the Bimini research cruises within this project was to collect
field data to validate laboratory experiments in bioenergetics (personal
communications Gruber 2008). Prior to 1982, fieldwork was conducted off the coast
of Miami and also in the Florida Keys. Following severe fishing pressure on the
South Florida juvenile N. brevirostris population, used primarily as bait in the lobster
and stone crab fisheries, N. brevirostris specimens became hard to obtain, therefore,
forcing a switch of research location to the Bahamas (personal communications
Gruber 2008). Bimini was chosen for its high abundance of N. brevirostris, the pre-
chosen model species, and for the variety of life-stages (neonate, juvenile, sub-adult,
and adult; Chapman et al., 2009, Jennings et al., 2007, Feldheim et al., 2001a,
Feldheim et al., 2002a, Feldheim et al., 2004, Brown and Gruber, 1988, Barker et al.,
1997) that could be sampled there. A population assessment was not conducted as

part of the initial research programme. However, fortunately, the analysis of certain
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research techniques that were utilised to obtain specimens has allowed the study

reported here on to be conducted more than 20 years later.

A number of research methods were employed to obtain specimens, including
gillnets for juveniles, block rigs, rod and reel, pursuit and netting with an airboat and
in a few cases even a crossbow. Many of these techniques were utilised
intermittently, but relatively standard longlining was conducted on all 17 research
cruises and it is the resultant temporal data set that has been used as the basis for this
population assessment. Data from other methods were not considered in this

population study.
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2.3.2. Methodologies

2.3.2.1. Research cruises

No island-based operations were conducted. Research cruises were conducted from
two different research vessels, and were intermittent. Between 1982 — 1986 the main
research vessel was the R.V. Cape Florida, a 41 m long, single hulled boat owned by
the University of Miami. The R.V. Columbus Iselin, a 19 m long, single hulled boat,
also owned by the University of Miami, was utilised between 1986 — 1989. These
were used as a floating base of operations for the duration of each cruise. Due to the
high vessel drafts (the maximum depth of the vessel below the water), three and two
meters respectively, of these larger R.V.s and the very shallow water depths around
the islands, they were forced to anchor in deeper waters on the edge of the Gulf
Stream. A number of smaller tenders were used to conduct the fieldwork around the
shallow waters of the island. These included a 7 m centre counsel Aquasport®, a

number of small flat-bottom skiffs and an airboat.

2.3.2.2. Longlines

The majority of the longline gear was obtained from the National Marine Fisheries
Service (NMFS), and were originally designed to be floating pelagic longlines. They
were adapted into bottom-set longlines by Dr. Gruber, tested and utilised from the
1960s onwards in the similarly shallow waters of Bear and Government Cut off
Virginia Key, Miami, Florida (personal communications Gruber 2008). In order to
work as bottom-set longlines the usual end floats were replaced with concrete blocks
and fluke anchors (Figure 3). This provided the weight to keep the mainline on the
bottom, the tension in the line to allow for self-hooking of specimens, and stability to
stop the larger sharks from dragging the line out of position. The main bottom line
was 3/16 twisted nylon tarred rope of 500 m length. For each of the four bottom-set
mainlines 15 gangions were attached with tuna clips. From the tuna clip upwards
gangions consisted of 2 m length of twisted nylon 3/16 tarred rope, attached to a
heavy duty swivel. On the other side of the gangion was a 2 m length of 3/32
stainless steel aircraft cable attached to the swivel with a copper crimp. In the centre
of the length a small foam net float was held in position by two loops in the line held

by crimps. Floatation was in response to crab related base loss, noted during the
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Miami based survey work, but was also found to eliminate the by-catch of southern
stingrays (Dasyatis americana). Gangions were tipped with Mustad® 9/0 J hooks

secured to the aircraft cable by another copper crimp.

Gangions were attached to the mainline at 30 m intervals and separated by overhand
knots in the mainline. Separation reduced the possibility of gangions becoming
tangled together. When a shark becomes captured, the knot eliminated the
possibility of a shark dragging one gangion, movement provided by the tuna clip,
into the neighbouring section. This setup meant that once a shark was captured it
could swim within a circle, of radius 4 m, and linearly 30 m by dragging the tuna clip
along the mainline. The increased freedom of movement, relative to commercial
longlines, was designed to reduce shark mortalities resulting from movement
restriction, and therefore suffocation for ram ventilating species. Marker floats were
attached to the overhand knots with tuna clips and a 2 m section of 3/16 twisted
nylon rope. Floats were white, with the exception of the two end floats that were
larger and painted bright orange to signify the start and end points of the set line.
This float system allowed the line to be checked by tender without having to haul it
in. As the tender drove alongside the line, the small gangion float was registered at
the surface between the two larger section marker floats. If one of the smaller
gangion floats was not at the surface then that section of line was pulled up by the

marker float and checked for the presence of a shark.

The four lines were set, each 500 m in length and containing 15 gangions running
north to south in shallow water (1 — 3 m deep depending on tidal state) to the east
and south of the main lagoon (Figure 4). Each was set in as straight a line as
possible, achieved by a tender driving forwards and the line spooling out of the back
of the vessel. The main lines were marked with spray paint for gangion placement.
As the line spooled out, the floats were clipped to the overhand knots, the gangions
to the main line and then thrown over the side. Once all gangions and floats were
deployed, the line was tightened using the power of the boat before the final anchor
was set. The gangions were baited with a random mix of Atlantic mackerel

(Scomber scombrus) and great barracuda (Sphyraena barracuda).
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Bimini Islands
Longline target area

Figure 4. Bimini longline target area (-30 km2)
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2.3.2.3. Shark processing

The lines were checked twice a day, with times dependent on other activities being
conducted. When a shark was captured, the gangion was secured to the bow cleat of
the tender. It was then detached from the main line allowing the boat to drift away
with the shark attached. The shark was then brought under control with the use of a
tailer, which was then replaced by a tail rope (a dock line tipped with a hangman’s
noose) secured to the shark forward of the caudal fins. The tail rope was used to
secure the shark’s tail to the stern cleat of the vessel. As soon as the shark was
brought under control, the anchor was deployed to turn the bow of the vessel and
thus the head of the shark into the current, stabilizing the boat and keeping a good

flow of water passing over the shark’s gills during processing.

Once the shark was secured to the boat, with the gangion to the front and the tail rope
to the rear, the species and sex were identified and recorded. Length measurements
were then taken using a tape measure, one end held in place at the tip of the shark’s
snout, while the measurements were taken by the tail once the tape measure was
confirmed to be tight and the shark’s body straight. Three length measurements were
taken (Figure 5), the Pre-Caudal Length (PCL) from tip of the snout to the caudal
peduncle, the Fork Length (FL) from the tip of the snout to the caudal fork (not
present for nurse sharks Ginglymostoma cirratum), and the standard Total Length
(TL) from the tip of the snout to the tip of the upper caudal (Francis, 2006).
Measurements were made as the shark was positioned naturally under the support of
the seawater. If the shark was a first time capture, or the originally issued tag was
missing or damaged, it was issued with a NMFS M-type dart tag (Kohler and Turner,
2001). Suitable host N. brevirostris sharks were injected with tetracycline for an age
and growth study (Brown and Gruber, 1988) at a dose of 12.5 mg/kg. Injected
tetracycline was deposited on the vertebral centra at sites of active calcification thus
serving as a fluorescent time specific marker. Repeated recapture and dose resulted
in multiple time-separated fluorescent markers, allowing circulus counts to be fitted
to a von Bertalanffy growth curve. This revealed that N. brevirostris are slow
growing and long lived (Brown and Gruber, 1988). General comments were
recorded, usually in reference to any distinctive markings the specimen had. The

hook was then completely removed, if possible, and the shark was released with
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condition on release recorded. Should the shark be dead on arrival, as many samples

as could be utilized were taken, such as vertebrae, eyes, organs and muscle tissues.

Total Length (TL)

Fork Length (FL) B

Pre-Caudal Length (PCL)

Figure 5. Length measurements taken during shark processing
Example shark = N. brevirostris

2.3.24. Data set

The workable Bimini longline dataset was compiled from a number of sources.
Firstly, the longline logbooks provided catch records for all shark species between
December 1984 and May 1989. These were transcribed onto an excel spreadsheet
then double checked by a third party for accuracy. All N. brevirostris catches
between March 1982 and May 1989, for all gear types were recorded additionally in
a separate data book. The records from the N. brevirostris exclusive data book were
also transcribed onto an excel spreadsheet then double checked by a third party for
accuracy. Once the data was entered records were examined individually to deduce
gear type and isolate the longline catches. Most commonly this was possible from
the direct recording of gear type in the individual catch records. When gear type was
absent, data were cross-referenced with the cruise logs, hook books, and personal
communications with the scientists that operated the longlines on the 1980s cruises.
To confirm the accuracy of the data, records for N. brevirostris between December
1984 and May 1989 were then cross-checked between the two data books, all
longline catches and N. brevirostris specimens only. The two data sets were then
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organized and combined onto a single spreadsheet ready for analysis. The final data
set represented a total of 117 N. brevirostris captured between March 1982 and May
1989, and an additional 234 sharks of other species captured between December
1984 and May 1989.

2.3.2.5. Analytical methodologies

2.3.2.5.1 Deduction of Unit Effort (UE)

As the main purpose of the longlining activities during the 1980s cruises was not a
standardized population assessment, records of fishing effort were not as thorough as
would be ideal for this study. Unit Effort (UE) therefore had to be deduced from a
range of available information to form the basis for further Catch Per Unit Effort
(CPUE) analysis. Deduction of the number of hooks per fishing day was relatively
easy as a standard four longlines were set on each research cruise, each with 15
hooks. Thus in a given fishing day, 60 hooks were being fished. The number of
days of baited longlines per research cruise, however, varied and were therefore
harder to deduce. A number of factors were considered for each research cruise in
order to calculate the fishing days (Table 1). UE was then determined from the

following:-
UE = Fishing Days x No.Hooks
Subsequently CPUE was calculated as:-

No.sharks caught

CPUE = UE

Where available, cruise start and end date was used to determine the duration of
effort. Under usual operating procedure, the longlines were set the day after leaving
port in Miami and hauled the day of departure from the islands. The dates of the first
and last catch records were also taken into account. It was, and is, unusual not to
catch at least one shark within the first 12 hrs of the lines being set, thus the first
catch record acted as an indicator for set time (see section 3.3.3). Last catch records
can also be a good indication of haul time as with only two checks a day, sharks
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Table 1. Research cruise information for shark study expeditions to the Bimini islands, Bahamas, between 1982 - 1989. Records highlighted in grey represent

Cruise
Mar-82

Jun-82

Mar-83

Jun-83
Oct-83
Mar-84
Jun-84
Oct-84
Mar-85
May-85

Nov-85

Jan-86

May-86
May-87
May-88
May-89

Reserch Vessel

Cape Florida

Cape Florida

Cape Florida

Cape Florida
Cape Florida
Cape Florida
Cape Florida
Cape Florida
Cape Florida
Cape Florida

Cape Florida

Cape Florida

Columbus Iselin
Columbus Iselin
Columbus Iselin
Columbus Iselin

0 Hooks
60

60

60

60
60
60
60
60
60
60

60

60

60
60
60
60

Cruise Start
N/A

NA

NA

N/A
22 October 1S83
NA
N/A
N/A
N/A
06 May 1985

13 November 1985

16 January 1986

07 May 1986
28 April 1987
12 May 1988
18 May 1989

summer month cruises

Criuse Finish
N/A

NA

N/A

N/A
04 November 1983
N/A
N/A
N/A
N/A
20 May 1985

26 November 1985

28 January 1986

16 May 1986
12 May 1987
26 May 1988
26 May 1989

First Catch Record
23 March 1982

06 June 1982

07 March 1983

25 June 1983
23 October 1980
02 March 1984
27 May 1984
02 December 1984
27 February 1985
07 May 1985

14 No/ember 1985

18 January 1986

09 May 1986
30 April 1987
12 May 1988
19 May 1989

Last Catch Record
01 April 1982

19 June 1982

16 March 2007

06 July 1983
04 November 1983
10 March 1984
09 June 1984
08 December 1984
06 March 1985
18 May 1985

25 November 1985

28 January 1986

13 May 2006
10 May 1987
24 May 1988
25 May 1989

Extra Factors
N/A

N/A

Storm, no fishing
11 -13th March
NA
N/A
N/A
N/A
N/A
N/A
N/A

N/A

Boat capsized,
fishing time lost
N/A
N/A
N/A
N/A

Fishing days
9

13

11
11
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would have been regularly encountered on the lines during the hauling process
(personal communications Gruber 2008). These dates were also compared to the
cruise dates, where available, to truth one with the other. Available cruise logs were
then examined for continuity with the devised number of days and any relevant
entries to the logs, for example circumstances resulting in the interruption of fishing
activities were taken into account. Once fishing effort had been devised from the
combination of this available data, it was cross-referenced for accuracy with the
available hook books for each period. Finally the devised fishing effort was
presented to the scientists that operated the longlines during 1980s cruises to verify

they were a true and complete representation of fishing effort.

2.3.2.5.2. Assumptions

For data relating to longline fishing, especially historical data, there are a number of
necessary assumptions that needed to be made in order to enable temporal records to
be comparable (Stoner, 2004). Often it was not possible to monitor all variables
whilst the lines were set. Historically these variables, such as temperature and time
of day, were frequently not considered in the first place. Ward (2008) identified the
following variables that have been justified in relation to their potential influence on

shark catchability during the 1980s research campaign:

A. Encounterability — variability in movements and migrations can lead
to variable rates of species presence in the target area and therefore
variable encounter rates with the longline gear;

B. Fishing location — though locations were relatively standard within a
30 km" target area, there was some discontinuity in specific line
placement around the islands. Habitat type remained virtually the
same throughout (Hussey, 2003), but it is possible that minor
geographic variations may have influenced catch rates;

C. Fishing-master experience — as more fishing experience was gained
in a given location, the relative skill of the fishing-master in that area
could have resulted in increased fishing efficiency;

D. Operation time — longer periods of back to back fishing efforts could

have affected the number of sharks available for capture, both from a
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temporal reduction in near-by individuals and also an increase in
dispersion of the odour corridor bringing in sharks from further afield
(Lokkeborg and Pina, 1997, Ward et al., 2004);

. Bait loss — unintended bait loss reduced the number of hooks fished,

thus reducing fishing effort;

. Gear saturation — once a hook had caught a shark it was then

occupied and therefore effort decreased, unless a larger shark
becomes captured in a predation attempt of the already captured
shark, which would have also altered the fishing power from the

presence of a live bait;

. Detection of gear — visual and metallic cues may have alerted sharks

to the fishing gear, causing variable rates of gear avoidance,
dependant on each individual shark’s experience, acuteness and

awareness Of these said cues;

. Hunger - variable rates of hunger between individuals affect the

likelihood of each shark seeking out and taking the bait;

Competition among gears — a number of other research techniques
were used to obtain specimens, and their involvement with other gears
could have affected their ability/motivation to interact with the
longline gear;

Bait type — two types of bait were utilized with no complete records
relative to each catch record for the period. Each may have been

more or less affective at attracting sharks than the other;

. Bite-off — or any form of unsuccessful hooking attempts, and

variations between individuals to successfully steal bait, leading to
variability in catch rates;

Activity — the activity caused by the presence of other sharks on or
around the long lines may have acted as an attractant catalyst for bait

taking or deterrent (see section 4.4.1.2);

. Environmental factors - these may have included water temperature,

salinity and turbidity. Variations in all of which may have influenced

catch rates;
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N. Diel - it is possible that time of day could have influenced catch rates,
for example it has been documented for various species of
elasmobranchs that feeding activity increases during crepuscular
hours. Fortunately fishing efforts were most commonly conducted for
24 h periods from set to haul/re-bait; therefore diel influences would
have been largely eliminated;

O. Lunar - the effects of lunar phase on the behaviour and activities
(Dewar et al., 2008, Graham et al., 2006, Hernandez-Leon, 2008,
Kraus and Rooker, 2007, Kuparinen et al., 2009, Nanami and
Yamada, 2009, Oliveira et al., 2009, Whitty et al., 2009), and CPUE
(Bigelow et al., 1999, Lowry et al., 2007), are well documented for
many teleost and elasmobranch species. Therefore, the lunar phase
under which fishing effort was conducted could have influenced the
catch rates;

P. Hook type - hooking success can relate directly to hook type (Bolten
et al., 2002, Cooke et al., 2003a, Cooke and Suski, 2004, Cooke et al.,
2003b, Falterman and Graves, 2002, Galeana-Villasenor et al., 2008,
Hand, 2001, Huse and Ferno, 1990, Malchoff et al., 2002, McEachron
et al., 1985, Prince et al., 2002, Skomal et al., 2002). During the
1980s campaign all hooks used were standardised as Mustad® 9/0 J

hooks, therefore there was no influence from variability of hook type.

It is assumed for the subsequent results and analysis that this list of variables had no
effect upon the catch records included in the data set. In a given section, should a
variable be accounted for, or additional variable assumed to have no further effect,

this will be stated at the beginning of the specific analytical methodology section.

2.3.2.5.3. Seasonal variation

Seasonal patterns exist in CPUE for total catch of all species and N. brevirostris
specimens at the Bimini Islands (see section 3.3.4). The most consistent cruise time
over the entire survey was the summer months between April — July, with at least
one cruise taking place during these months every year. It was therefore possible

that during years with additional out of season cruises, the influence of data collected
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outside of the summer months could be skewing the identification of temporal trends.
Two data sets were therefore compiled, one comprising the data from all research
cruises and one for data from summer month research cruises only. Where seasonal
and non-seasonal dataset represented equal record numbers, they were checked for
normality and a t-test for significant difference between the two catch data sets was
conducted. Only when the two datasets were found by the t-test to be significantly
different, were results from both data sets considered for further analysis and

comparison.

2.3.2.54. Species catch proportions

Proportions were calculated for each species from all cruises where multiple species
records existed, December 1984 to May 1989. Proportions of total CPUE and were
analysed by cruise for N. brevirostris. Total proportions for all cruises were analysed

to assess the community structure of the sharks present from the years 1982 — 1989.

2.3.2.5.5. Catch Per Unit Effort (CPUE)

Due to variability of fishing effort between cruises, it was necessary to conduct all
analysis of catch rates as a normalised value of CPUE as described above. A
Spearman rank correlation test was conducted for species CPUE against cruise
CPUE. Multivariate analysis (MVA) was then conducted using a cluster analysis to
identify groups of species and cruises showing similar properties and dissimilar
outliers. The cluster analyses were followed by Principal Component Analysis
(PCA) using score and loading plots to identify which cruises were responsible for
the species groupings and which species were responsible for the cruise groupings.

Software used was Minitab 1.5%.

2.3.2.5.6. Catch related mortality
Scientific sacrifices contributed to total catch related mortalities for several of the
captured species, most prominently N. brevirostris. However should a shark have

suffered death as a direct result of its interaction with the longline gear and been

recorded as Dead On Arrival (DOA), samples similar to the sacrificed individual
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were almost always taken. As it is not known for each of these individuals what its
fate would have been decided to be, i.e. sacrificed or released, if it was not recorded
as DOA, it was impossible to separate the two causes of catch related mortality.
Thus no definition for analytical purposes was made. For N. brevirostris, catch
related mortalities were analysed by cruise as: the total number caught, total number
killed, and proportion of the total number caught that were killed. For all species
catch related mortality is reported for the entire research period where multi-species
records exist, December 1984 to May 1989. Mortalities were also analysed as: total
number caught, total number killed, and proportion of the total number caught that
were killed.

2.3.2.5.7. Mark-recapture rates

In addition to the assumption that all variables A — P had no effect upon catchability
for the analysis of mark-recapture rates, zero incidences of tag loss by individuals
was assumed. This was a justified assumption as the tag loss study conducted by
Gruber (personal communications) during the 1980s yielded a result of 97%
retention for this type of tag. Sharks were tagged with a multitude of different tag
styles over the research period. The most consistent tag used was the NMFS issue
stainless steel dart tags (Kohler and Tumer, 2001). Therefore, only recaptures
indentified through the presence of a previously applied NMFS dart tags captures
were considered as a mark-recapture. Sharks caught by other gears and techniques
were also issued tags and when subsequently recorded on the longline gear, were
recorded as a recapture of the total research efforts. These however did not
constitute a mark-recapture for the longlining efforts, thus only mark-recaptures that
were originally caught and tagged under the previous longlining efforts were
considered for this data set. For species with mark-recaptures recorded, rates were
analysed by cruise as: total number caught, total number of mark-recaptures, and

proportion of the total number caught that were mark-recaptures.

2.3.2.5.8. Temporal Pre-Caudal Length (PCL) variation of N. brevirostris

Of the three length measurements taken during the processing of sharks, Pre-Caudal

Length (PCL) was used for length-based analysis. PCL is the most accurate and
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representative of all the length measurements (Francis, 2006). Fork Length (FL)
measurements have a relatively low potential of measurement errors, however certain
species such as G. cirratum do not have a caudal fork, thus preventing the potential
for cross species comparisons to be made. Total Length (TL) is the most unreliable
and unrepresentative of the three length measurements. Firstly there is an ongoing
dispute over which TL length measurement, stretch or standard, should be employed
(Francis, 2006). Secondly, as it involves the absolute extremities of the shark being
measured, it is the longest of the three distances point to point and therefore subject
to the largest possible error. Thirdly, as many species reach the upper limits of their
size range, it is a common occurrence for a proportion of their upper caudal to be
missing, whether through mating, predation attempts or many other possible causes
(personal observations 2002 — 2008). For many species the upper caudal can
represent a large proportion of their TL, these occurrences can cause individual
sharks to fall into unrepresentative size classes. PCL is the measurement with the
least margin for measurement error and subject to no potential externally influenced
morphometric changes over time (Francis, 2006). If the tail was removed beyond the
caudal peduncle the absence of a caudal fin would result in the loss of mobility
required for survival. For all these reasons, size based analysis is conducted on PCL

measurement.

In a few cases only TL was measured. PCL was plotted against TL from 615
available N. brevirostris records. A linear trend line (r2 = 0996, n = 615, P <
0.0001) was fitted to generate the equation for PCL from TL:

PCL = (0.7589 x TL) + 1.6861

Missing PCLs were then generated from TL to fill in the missing records. For all

cruises, minimum, maximum and mean PCL were calculated.

2.3.2.5.9. National Marine Fisheries Service (NMFS) landing records
Large Coastal Shark (LCS) landings of the U.S. east coast and Gulf fisheries must be
considered to have the potential to effect the Bimini N. brevirostris population for

two reasons. Firstly, the results of a genetic study by Feldheim et al. (2001a) showed
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the east coast distribution of N. brevirostris to represent a single stock. Secondly, N.
brevirostris tagged under the NMFS Cooperative Shark Tagging Program (CSTP) in
Bimini have been shown to cross the Gulf Stream (Kohler et al., 1998) and therefore
directly expose themselves to the U.S. coastal fisheries. Thus on a broader scale, the
effects of N. brevirostris catches in the US fishery could influence N. brevirostris
population dynamics in the nearby waters of the Bimini Islands. Results from the
‘SEDAR 11 Stock Assessment Report’ (NOAA/NMFS, 2006) were utilised for
comparative analysis. Three variations of catch records were presented in the report:
the baseline scenario including all LCS species, the baseline-prohibited scenario
excluding prohibited species, and the ‘baseline-prohib-SB-BT’ scenario excluding
prohibited species plus sandbar sharks (Carcharhinus plumbeus) and Carcharhinus
limbatus. Of the three datasets the baseline scenario was selected, as many of the
excluded species in the other two scenarios were Carcharhinidae species with similar
life-history patterns to N. brevirostris (NOAA/NMFS, 2006). Therefore their
removal from the dataset would have increased the ratio of N. brevirostris relative to
other non-Carcharhinidae species, thus making them less representative to

proportional N. brevirostris catches.

In addition to the previously stated assumptions A — P, total annual LCS species
landing records were assumed to be proportionally representative of N. brevirostris
catches contained within. Annual catch records were extracted from the report then
plotted against annual N. brevirostris Bimini CPUE records for the same period.
Results were examined for pattern and then a Spearman rank correlation test was
conducted on the Bimini N. brevirostris CPUE and the NMFS ‘baseline-prohib-SB-

BT’ scenario for the same time period.
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23 3. Results

2.3.3.1. Unit Effort (UE)

UE varied between cruises from 420 - 780 with a mean of 573.75 (= 37.13 s.e;
Figure 6).

900 -
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2" 9
500 !
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300 |
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100 I

1-Mar-82  1-Feb-83  1-Jan-84  1-Dec-84 1-Nov-85  1-Oct-86  1-Sep-87  1-Aug-88

Research cruise mid-point

Figure 6.. UE for each 1980s research cruise as a product of number of hooks x number of
fishing days. Cruises plotted by mid-point date. Dashed line represents mean UE (mean =
573.75 £ 37.13 s.e.)

A total of 351 sharks were captured (Table 2), which represented eight different
species: lemon shark (Negaprion brevirostris), blacknose shark (Carcharhinus
acronotus), bull shark (Carcharhinus leucas), blacktip shark (Carcharhinus
limbatus), nurse shark (Ginglymostoma cirratum), tiger shark (Galeocerdo cuvier),
Caribbean sharpnose shark (Rhizoprionodon porosus) and bonnethead shark

(Sphyma tiburo).
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Table 2. Number of sharks caught by species and total for 1980 cruises - rows highlighted in

grey represent summer month cruises

Cruise $®* —~ A C. aeronotus C. leucas C.limbatus G. cirratum G. cuvier R. porosus S. tiburo  Total
Mar-82 12 N/A N/A N/A N/A N/A N/A N/A 12
Jun-82 15 N/A N/A N/A N/A N/A N/A N/A 15
Mar-83 5 N/A N/A N/A N/A N/A N/A N/A 5
Jun-83 2 N/A N/A N/A N/A N/A N/A N/A 2
Oct-83 3 N/A N/A N/A N/A N/A N/A N/A 3
Mar-84 12 N/A N/A N/A N/A N/A N/A N/A 12
Jun-84 7 N/A N/A N/A N/A N/A N/A N/A 7
Oct-84 2 (1} 5 3 10 6 0 30
Mar 8S 4 2 2 1 2 5 13 0 29
May-85 14 3 0 0 13 4 8 2 44
Nov-85 6 2 1 2 4 4 2 0 21
Jan-86 a 1 0 0 3 14 11 0 32
May-86 3 1 0 1 2 6 6 0 19
May-87 10 3 3 2 5 11 15 1 50
May-88 11 6 1 0 3 6 14 1 42
May-89 7 5 0 4 7 4 1 0 28

2.33.2.  Catch proportions

Catch proportions for N. brevirostris ranged from 6 - 32% (mean = 20.1 + 2.9% s.e.;
Figure 7). Proportions were highest (36%) in May 1985 and lowest (6%) in January
1986. When only summer month cruises were considered catch proportions for N.

brevirostris ranged from 16 - 32% (mean = 23.8 +2.7% s.e.).

60
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Total sharks
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. t
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Research cruise mid-point

Figure 7. Proportion of N. brevirostris caught on longlines, during 1980s research cruises,

relative to the total of all sharks captured
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Proportions of N. brevirostris for the entire 1980s research period were 21% of total
catch for all species (Figure 8). Overall the four species with the highest catch
proportions were: R. porosus (26%), G. cuvier (22%), N. brevirostris (21%) and G
cirratum (14%). These four species represented the most abundant shark species
present in the waters around the Bimini Islands that were susceptible to capture by
longline tackle.

30 r

Species

Figure 8. Proportions of total catch for all species caught during the 1980s research cruises

2.33.3.  Catch Per Unit Effort (CPUE)

N. brevirostris CPUE varied greatly between cruises (Figure 9), ranging from 0.003
- 0.029 (mean = 0.013 + 0.001 s.e.). The lowest CPUE was recorded on cruise June
1983, when UE occurred between June and July 1983, and the highest on cruise
March 1984 when UE occurred in March 1984. Total (i.e. all species caught) CPUE
varied between cruises (Figure 10), ranging from 0.03 - 0.08 (mean = 0.06 = 0.005
s.e.). The lowest CPUE was recorded on cruise November 1985, when UE occurred
in November 1985, and the highest on cruise October 1984 when UE occurred in

December 1984.
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Figure 10.. Total CPUE (all species) by cruise, during 1980s research campaign, light grey

columns represent summer month cruises

CPUE correlations between shark species yielded identical results for both all and
summer month cruises. Only N. brevirostris and G. cirratum CPUE (Figure 11)

were found to be significantly correlated together (r=0.774, n=9, P <0.05).
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Figure 11. Relationship between N. brevirostris CPUE and G. cirratum CPUE
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The cluster analysis for species based CPUE (Figurel2) showed two groupings.
Group 1 consisted of: N. brevirostris, G. cirratum, C. acronotus, C. limbatus, C.
leucas and S. tiburo, and group 2 consisted of G. cuvier and R. porosus. Group 1 and

group two were clearly separated.
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Figure 12. Similarity between species CPUE during 1980s research cruises; 1 = N. brevirostris, 2
= C. acronotus, 3 = C. leucas, 4 = C. limbatus, 5 = G. cirratum, 6 = G. cuvier, 7 = R. porosus and 8
= S. tiburo

Principle component analysis showed that PC1 and PC2 explained 85% of the
dataset variance, therefore the result of the score and loading plots are highly valid.
The score and loading plots (Figure 13 and Figure 14) showed that N. brevirostris
and G. cirratum were grouped and isolated from the other species due to cruises May
1985, November 1985 and May 1989. Data also showed that G. cuvier and R.
porosus were grouped and isolated from the other species as the result of the rest of
the cruises; October 1984, March 1985, January 1986, May 1986, May 1987 and
May 1988.
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Figure 13. Score plot of research cruises’ October 1984 — May 1989 species CPUE, groups
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Figure 14. Loading plot of research cruises’ October 1984 — May 1989 species CPUE, groups

encircled to show distribution
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The cluster analysis for cruise based CPUE (Figure 15) showed little similarity
between cruises. The closest similarity between two cruises, March 1985 (2) and
May 1987 (6), separated by two years, was 65%. There was a clustered group of all
cruises in the centre, except three outliers, October 1984 (1), May 1985 (3) and May
1989 (9).
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Figure 15. Similarity between research cruise CPUE during 1980s research cruises; 1 = October 1984,2 =
March 1985, 3 = May 1985, 4 = November 1985, § = January 1986, 6 = May 1986, 7 = May 1987, 8 = May
1988 and 9 = May 1989

Principle component analysis showed that PC1 and PC2 explained 66% of the
dataset variance, therefore the result of the score and loading plots are valid. The
score plot (Figure 16) showed that cruises October 1984, May 1985 and May 1989
were distributed away from that main group. The loading plot (Figure 17) showed
that C. limbatus and G. cuvier CPUE were responsible for the isolation of October
1984, N. brevirostris and S. tiburo CPUE to be responsible for the isolation of May
1985, and C. acronotus and C. limbatus CPUE to be responsible for the isolation of
May 1989.
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Figure 17. Loading plot of all species’ cruise CPUE

2.3.34. Capture related mortality

No N. brevirostris capture related mortalities were recorded in the first four 1980s

research cruises (Figure 18). Subsequent rates ranged from 9% on cruise May 1988
to 50% on cruises November 1985 and January 1986 (mean = 25.8 + 4.0% s.e.).
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Total shark mortalities from December 1984 to May 1989 (Figure 19), showed N.
brevirostris to have suffered 20% mortality, representing 12 out of a total 61, during
that period. Four additional species showed high catch related mortality; C.
acronotus (81%), C. limbatus (73%), R. porosus (91%) and S. tiburo (75%). C.
leucas (29%), G. cirratum (17%) and G. cuvier (13%), all had relatively low

mortality rates.

m Caught
Killed

m % Killed

Figure 19. All species catch related mortality during 1980s research cruises

2.3].5. Mark-recapture

Mark-recaptures were only recorded for two species during the 1980s campaign, N.
brevirostris (Figure 20) and G. cirratum (Figure 22). N. brevirostris recaptures were
recorded on 6 of the 16 1980s research cruises, and ranged from 7 - 50% (mean = 31
+ 7% s.e.). When only summer month cruises were considered (Figure 21),
recaptures were recorded as a biannual pattern on three cruises, between 1982 -
1986, and ranged from 7 - 33% (mean = 18 &+ 8% s.e.). G. cirratum recaptures were
recorded on five of the nine multi-species cruises (Figure 22), and ranged from 8 -
50% (mean = 27 + 7% s.e.). All G. cirratum recaptures were recorded on back to

back cruises between March 1983 - June 1984.
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2.3.3.6. Temporal Pre-Caudal Length (PCL) variation of N. brevirostris

During the 1980s campaign sizes of N. brevirostris captured (Figure 23) ranged from
PCL 63 — 209 cm. Therefore all four life stages: juvenile (PCL 45 — 80 cm; 6%),
young sub-adult (PCL 81 — 124 cm; 43%), old sub-adult (125 - 165 cm; 21%) and
adult (PCL 166+ cm; 30%), were represented in the 1980s longline catch database.
Mean PCL ranged between cruises from 103 — 190 cm (mean = 138.13 £ 6.5 cm
s.e.). A steady decline was evident from May 1986 to May 1989. The removal of
non-summer month records from the dataset resulted in a steadier and generally
larger temporal trend in mean PCL (Figure 24). PCL ranged from 63 — 209 ¢m, and
mean PCL ranged from 123 — 190 cm (mean = 148.91+ 10.5 cm s.e.).

2.3.3.7. National Marine Fisheries Service (NMFS) landing records

Distribution of Bimini N. brevirostris CPUE relative to the U.S. east coast and Gulf
fisheries landings of Large Coastal Sharks (LCS), showed no significant correlation
(Figure 25;r=-0.102, n = 8, P > 0.05).
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Figure 25. Annual NMFS LCS complex landings for the U.S. east landings and Gulf fisheries vs
Bimini N. brevirostris CPUE
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2.3.4. Discussion

2.34.1. Unit Effort (UE)

The large variation in UE between research cruises (Figure 6) inevitably provided a
disproportionate representation of total catches for each research cruise (Table 2).
This was the result of a lack of structure in research design, as the longlining
activities were, during this research period, employed simply to obtain specimens
and not to assess the population dynamics. Subsequent analysis was conducted by
CPUE to account for the large UE variation between cruises. However, despite the
conversion of catch records into CPUE, the disproportionate structure, and variation
in amount, of UE still likely influenced the results and may well have contributed
towards the scattered distribution of N. brevirostris CPUE (Figure 9) throughout the
period.

2.34.2. Catch proportions

The lowest N. brevirostris catch proportion (6%; Figure 7) occurred when UE was
focused in late January 1986 during the fishing of cruise January 1986. The low
proportion therefore can be attributed to generally low winter catches (see section
3.3.4) in addition to unusually low catches for all fishing efforts in the year 1986.
Conversely, the highest catch proportion (36%) occurred when the UE was focused
in May 1985. The high proportion can be attributed to high seasonal N. brevirostris
catches in summer months (see section 3.3.4), particularly at the beginning of the
summer when the mature females travel to the island to give birth (Feldheim et al.,
2002a). The inconsistent N. brevirostris catch proportions and absence of a pattern
throughout the 1980s campaign suggests a lack of stability in community structure
across that period. This inconsistency can also be in part attributed to seasonal
variation (see section 3.3.4), although when only summer month UE was considered
there is still a range of 16% (mean = 23.8 + 2.7% s.e.), again suggesting instability in

community structure.

Of the three additional species to N. brevirostris that were in high abundance
throughout the 1980s campaign (Figure 8), G. cuvier had the highest potential for

direct influence on the N. brevirostris population. The influence would have been in
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the form of direct predation and therefore a potential reduction in numbers of N.
brevirostris (Lowe et al., 1996). R. porosus are too small to pose a direct threat of
predation even on new born N. brevirostris (Compagno, 1988), but could possibly
have influenced the juvenile population by competition for prey resources. It is
possible that a large G. cirratum could predate a smaller N. brevirostris. G. cuvier
could additionally have influenced the N. brevirostris population through
competition for prey resources as they do share a number of the same prey items
(Newman, 2003, Lowe et al.,, 1996, Wetherbee et al., 1990, Cortes and Gruber,
1990).

The most notable inconsistencies are apparent in both of the 1986 research cruises,
January 1986 and May 1986, with N. brevirostris displaying relatively low
proportions and G. cuvier disproportionately high compared to other cruises. This
resulted from, particularly in January 1986, an increased G. cuvier CPUE relative to
a reduced N. brevirostris CPUE. There was a possible relationship between these
two inconsistencies as, of all the species represented, G. cuvier presented the most
direct threat of predation upon the N. brevirostris population (Lowe et al., 1996),
consequently an increased number of G. cuvier could have resulted in increased
predation and therefore lower incidences of N. brevirostris (Frisk et al., 2001,
Hassell, 1976). However, an increase in the occurrence of G. cuvier in the
geographic target area could result in avoidance of habitat utilisation in that target
area by N. brevirostris due to increase predation risk (Hassell, 1976, Simpfendorfer
et al., 2005). Accordingly the encounter rates of N. brevirostris with the longline
gear would be reduced, resulting in a reduction in catchability for that period and

therefore only an apparent, not a true, decline in the N. brevirostris abundance.

2.34.3. Catch Per Unit Effort (CPUE)

N. brevirostris CPUE (Figure 9) showed no definitive temporal pattern between 1982
- 1989. Assuming standard fishing efficiency throughout, this indicated a disrupted
and unstable N. brevirostris population. The instability was likely caused, at least in
part, by catch related mortalities throughout the research period (see section 2.3.3.4).

Seasonal variation in UE would also likely have caused dissimilarity between N.
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brevirostris CPUE between research cruises as the result of seasonal variation in N.

brevirostris abundance (see section 2.3.3.1).

Total (all shark species) CPUE from December 1984 to May 1989 was, similar to N.
brevirostris CPUE, randomly distributed with no apparent pattern (Figure 9), both
for all cruises and with only summer UE records considered. N. brevirostris catches
represented 21% and 24% respectively, of total catch, suggesting unstable shark
abundance around the Bimini Islands during that research period. With seasonal
influence removed, most sharks showed no significant pattern. C. limbatus (r =
- 0.675,n =5, P<0.05) and C. acronotus (r = 0.855, n = 5, P < 0.05) however, both
showed a significant increase in seasonal CPUE. Both C. limbatus and C. acronotus
have very defined breeding cycles (Capape et al.,, 2004, Sulikowski et al., 2007,
Heupel, 2007) explaining a large seasonal influence over their CPUE. Both species
were, however, represented in relatively low proportions, 4% and 8% of total catch
respectively. C. limbatus and C. acronotus are both small in anatomical size relative
to N. brevirostris posing little to no predation risk (Compagno, 1988), therefore it is
unlikely that this temporal increase would have had a direct effect on defining the

abundance of N. brevirostris.

The lack of variation between the full and the seasonally sensitive results suggests no
seasonal influence over correlation. The significant correlation between N.
brevirostris and G. cirratum (r =0.774, n = 9, P < 0.05; Figure 11) may be the result
of any or all of the following factors. Positively, there is little evidence of predation
risk between the two species (Castro, 2000, Cortes and Gruber, 1990, Newman,
2003, Wetherbee et al., 1990), allowing them to inhabit the same areas at the same
time; therefore either species’ presence in the target area would not pose a negative
influence on the other species presence. A possible negative relationship between
the two species would be in relation to competition of prey resources (Cortes and
Gruber, 1990, Motta et al., 2008, Hassell, 1976, Stoner, 2004); therefore it would
appear that prey availability in the region was not limited. As a result, if prey
targeted by both species is plentiful in a given area, such as numerous longline baits
in the target area, this could draw both species equally. The two species may also

cue off each other’s movements and activity to seek out prey, thus if one was drawn
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to, or feeding from, the longlines, it could bring in the other in increasing their
relative CPUE (Stoner, 2004).

The cluster analysis for species based CPUE (Figure 12) showed that N. brevirostris,
G. cirratum, C. acronotus, C. limbatus, C. leucas and S. tiburo all share a high
degree of similarity, hereafter referred to as ‘Group 1’. The close relationship
between N. brevirostris and G. cirratum further supports the results of the correlation
and strengthens the theory of a positive relationship between the two species. The
relatively close similarity between these two and the other four species, suggests
neither a positive or negative relationship between species within this group. It is
possible that if significant size differences between N. brevirostris and the other
species occurred, then some level of predation risk from either side may occur.
However, based on size (see section 2.3.3.6), the only great predation threat for the
majority of the N. brevirostris sampled would have come from C. leucas (Habegger
et al., 2009). Only seven C. leucas were sampled throughout the entire campaign,
therefore C. leucas abundance was not high enough to cause a significant negative

relationship.

Group 2, containing G. cuvier and R. porosus, was largely separated in similarity
from Group 1. The most logical justification of the negative relationship between N.
brevirostris and G. cuvier was the direct predation risk posed by G. cuvier on N.
brevirostris. As outlined above, this can either be a true impact in that G. cuvier are
predating N. brevirostris, or an apparent impact in that the presence or G. cuvier in
the target area posed predation risk on N. brevirostris. This would cause avoidance
of this areca by N. brevirostris, reducing their true catchability, and reflecting
apparent reduction in population size through the CPUE, if interpreted with each
species having a constant catchability between research cruises. The most likely
cause for this overall group separation was also predation risk, in that G. cuvier
would pose an overall threat of predation for many size classes of species in Group 1,
and in turn these other species would pose a predation threat over R .porosus. G.
cuvier would also pose a big threat of predation on R. porosus, (Cortes, 1995, Lowe
et al.,, 1996) which would suggest that a negative relationship between the two

species would be more logical. However, of all the eight species, G. cuvier is
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documented to most commonly predate on other elasmobranchs (Meyer et al., 2009,
Lowe et al., 1996), therefore it is possible that they would actively follow high
abundances of R. porosus, the smallest of the eight species, into the target area,

resulting in a positive association (Stoner, 2004).

The isolation of N. brevirostris and G. cirratum can be explained by cruises May
1985, November 1985 and May 1989. CPUE for these cruises showed similar values
for both species. CPUE was identical for N. brevirostris and G. cirratum during the
cruise May 1989, which as a summer month cruise N. brevirostris CPUE was
expected to be higher due to the birthing season (Feldheim et al., 2002a). G.
cirratum CPUE could have been elevated relative to the other species due to the
identified positive relationship between N. brevirostris and G. cirratum. Both
species were shown to produce higher CPUE in summer months (see section 3.3.4).
CPUE was low for all species in cruisc November 1985, and therefore similar for N.
brevirostris and G. cirratum. This was most likely due to low water temperatures in
the winter months leading to slow metabolisms, and resulting in a reduced desire to
feed (Bernal et al., 2003, Dowd et al., 2006a). Data also showed that G. cuvier and
R. porosus were grouped and isolated from the other species as the result of the rest
of the cruises; October 1984, March 1985, January 1986, May 1986, May 1987 and
May 1988. This can be attributed to high CPUE for both species, relative to CPUE
for the other species, during these cruises. This supports the theory of a positive
relationship between the two species that invariably had a negative influence, most
likely due to the predation risk associated with the presence of G. cuvier upon the
other species. This negative relationship has also been identified, in different
geographic locations, for G. cuvier with other marine species; not just elasmobranchs
(Heithaus et al., 2009, Wirsing et al., 2007).

The cluster analysis (Figure 15) revealed three outlying cruises, October 1984, May
1985 and May 1989; this is further investigated by the score and loading plots. The
score and loading plots (Figure 16 and Figure 17) showed that cruises October 1984,
May 1985 and May 1989 were distributed away from that main group and isolated
from each other. The isolation of October 1984 was the result of high catches for
both C. limbatus and G. cuvier. It is likely that the unusually high catch activity of
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the smaller C. limbatus would have drawn into the study area, more of the larger G.
cuvier (Lowe et al., 1996), into the study area. The isolation of May 1985 is the
result of the highest N. brevirostris and S. tiburo CPUEs for all cruises in the
research period. As the highest S. tiburo catch represents only two sharks (No. = 2),
it is the unusually high N. brevirostris CPUE that is the main cause for the
difference. This was a summer month cruise and the combination of a high site-
attached sub-adult catch and a high mature breeding population catch for this cruise
resulted in the overall high CPUE for this species. The isolation of May 1989 was
the result of high C. acronotus, C. limbatus and G. cirratrum CPUE, relative to the
other species. CPUE for C. limbatus and C. acronotus are unusually high for the
month of May (see section 3.3.4), when this UE was focused. This appears to have
been combined with a seasonally early high (see section 3.3.4) in G. cirratum CPUE

relative to the other species, to cause the isolation of May 1989 from the main group.

2.3.44. Capture related mortality

The absence of N. brevirostris catch related mortalities during the first four cruises
(Figure 18) is unusual, as in elasmobranch studies based on longline surveys
mortality rates are normally highest in the early stages of fieldwork (Abel et al.,
2007). This usually results from the time taken to reach the balance between the
disruptive nature of checking the gear for captures and the survival window for
specimens captured on the gear. Later mortalities were largely attributed to the
research experiments requiring N. brevirostris sacrifices. These were both for
anatomical, and age and growth studies (e.g. Brown and Gruber, 1988). For the age
and growth study, specimens were injected with tetracycline over a period of
repeated recaptures. The intention was to see how frequently, relative to the time of
dose, the tetracycline was laid down in the rings of each shark’s vertebrae.
Therefore, in order to yield the results of the study, it was necessary to sacrifice the

specimen and remove the vertebrae (Brown and Gruber, 1988, Gruber et al., 1985).

Tetracycline experiments accounted for much of the catch related mortality from
cruise October 1983 onwards, as by that time some sharks caught on previous cruises
would have received a satisfactory number of doses to justify their harvest (Brown

and Gruber, 1988). Most other sharks that were not sacrificed were dosed and
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released for future harvest, hence the continued mortality rates for the rest of the
period. Despite this, the maximum number of N. brevirostris killed in a single cruise
as a direct result of the longline fishing, was three. With such a low number it is
unlikely that this would impose a significant impact on N. brevirostris population
levels. It does not appear for N. brevirostris, that increased catch rates in the summer

months (see section 3.3.4) resulted in an increase in catch related mortality.

Total shark mortalities form December 1984 to May 1989 (Figure 19) showed N.
brevirostris to have suffered 20% mortality. Although 20% is relatively high, there
was no significant relationship of Mortality Per Unit Effort (MPUE) on subsequent
years CPUE. High mortalities for C. acronotus, C. limbatus and R. porosus were to
be expected, as all are ram ventilators with high metabolic requirements, small
mouths and low stress tolerances (Morgan and Burgess, 2007), thus the capture
induced stress, which combined with the restriction of movement caused by
attachment to the mainline could quickly result in their fatality. Fortunately, all four
species have relatively short life histories, with low ages of maturity (Compagno,
1988), meaning that of all species sampled these are the most able to recover from
fisheries related population decline. C. acronotus and C. limbatus mortality is of
little concemn as these are high proportions of relatively low numbers, 26 and 15
respectively, and neither species’ numbers are likely to have a strong influence over
the N. brevirostris population. R. porosus and its close relative R. terraenovae are
the most abundant of all small coastal shark (SCS) species recorded in the U.S. east
coast fisheries (Morgan et al., 2009). Of all four species it has the shortest life-
history and lowest age at maturity, thus it is the most able to recover from population
decline. High mortalities for this species resulted mainly from a very short period for
successful release after capture, often missed by the intermittent checks. S. tiburo
mortality rates are high due to the previously described common factors influencing
these four species; however 75% of only four individuals is unlikely to have any

long-term effect upon the species’ local abundance.

Though C. leucas mortality rates were reasonably high, they represented only 2 of 7
specimens. G. cirratum mortality was almost equal to N. brevirostris (3%

separation), therefore whether there was a positive, negative or the absence of
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relationship between the two species, the longline fishing did not result in a change
in intra-species influences. Total catches of N. brevirostris and G. cuvier for the
period were similar, 61 and 64 respectively, yet N. brevirostris mortalities were 7%
higher. Since the most significant direct negative influence upon the N. brevirostris
population has been identified as being imposed by the G. cuvier population, it is
possible that the higher mortality rate for N. brevirostris would have, through the

increase in abundance ratio, been magnified by the 1980s research campaign.

2.3.4.5. Mark-recapture

Mark-recaptures were only recorded for two species during the 1980s campaign: N.
brevirostris (Figure 20) and G. cirratum (Figure 22). This would suggest that these
two species are more site-attached, while the other species are more nomadic in their
movements. In addition, in Bimini, N. brevirostris show a strong site attachment to
the nursery grounds at the juvenile life stage (Franks and Gruber, 2007, Morrissey
and Gruber, 1993b), a high level of site attachment to the island’s surrounding water
at the sub-adult life-stage (Chapman et al., 2009, Sundstrdm et al., 2001, Gruber et
al., 1988) and philopatry at the adult life-stage (Feldheim et al., 2004). G. cirratum
have also been shown at all life stages to have strong site-attachment (Pratt and
Carrier, 2007, Castro, 2000).

Incidences of tagging and the number of catches were two low for C. leucas and S.
tiburo to make any assessment of site attachment. Mortality rates were too high;
therefore, successful releases of tagged individuals were too low to make any
assessment for C. acronotus, C. limbatus and R. porosus. Successful releases of
tagged G. cuvier were plentiful, yet not a single mark-recapture was recorded. Thus
it can be concluded that G. cuvier present in the target area for this period were
predominantly nomadic animals passing through, or extremely large home ranges for
this species as documented in Hawaii (Holland et al., 1999). This is supported by the

many documented large scale movements by this species (Kohler et al., 1998).

For both species, N. brevirostris and G. cirratum, no mark-recaptures were recorded
in the first year of fishing, which would be an unlikely event and require an

individual to be captured twice in a given fishing period. N. brevirostris mark-
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recapture rates increased toward the middle of the campaign. The increase was
logical as progressively more tagged individuals would be released into the
population as the result of the previous cruises longline efforts. The increase was
inconsistent, most likely the result of continued sacrifices of recaptured individuals
for the age and growth experiments, therefore reducing the potential for multiple
recaptures of the same individual over the years. This may also explain complete
absence of mark-recaptures for the final three cruises, as animals dosed with
tetracycline towards the beginning of the campaign would have been reaching their
most suitable time for harvest during the three prior cruises (Brown and Gruber,
1988). When non-summer month records were removed (Figure 21), N. brevirostris
showed a more temporally incremental increase in recapture rates, prior to their
absence in the last three cruises. This suggests a more seasonal pattern of recapture
susceptibility for this species. Also, the biannual pattern between June 1982 and
May 1986 could thus be explained by the biannual breeding philopatry of the mature
females (Feldheim et al., 2002a, Feldheim et al., 2004) in the summer months. G.
cirratum, due to the lack of consistent mark-recapture harvesting experienced by the
N. brevirostris, showed a more expected incremental increase in mark-recapture
rates. This incremental increase started, and was likely boosted by, the large number
tagged, during cruise May 1985. The absence of any recaptures for the final two

cruises however, is a mystery.

2.3.4.6. Temporal Pre-Caudal Length (PCL) variation of N. brevirostris

Temporally, within the mean PCL range, there was little consistency between cruises
(Figure 23), thus reflecting the wide range of size classes present in the target area.
There was an apparent steady decline across the last four cruises, each of which was
a year apart. This may have been a reflection of the previous and continued harvest
of larger recaptured individuals for the age and growth experiment. The removal of
these larger specimens resulted in steady decline in the mean PCL of the Bimini N.
brevirostris population, a documented indicator of fishing pressure (de Lestang et al.,
2003, Webster, 2004). During the 1980s the lagoon N. brevirostris population was
dominated by young sub-adults (43%); juveniles comprised 6%, older sub-adults
21% and adults 30%. This suggests a strong recruitment of young sub-adults from

the nursery areas, and a number of the older sub-adults to have matured into the adult
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population. These size class levels have formed the bases for temporal comparison

over the next two campaigns, to analyse for a shift in size class proportions.

The removal of non-summer month records from the dataset resulted in a steadier
and generally larger temporal pattern in mean PCL (Figure 24). It has removed the
pattern of high/low variation between summer and non-summer month catches. This
is explained by the increased presence of the mature philopatric females in the
summer months and their almost complete absence outside of the birthing season
(Feldheim et al., 2002a). As all four final cruises took place during summer months,
the temporal decline at the end of the campaign is still represented and appears even

more apparent with the steadier pattern that precedes it.

2.3.4.7. National Marine Fisheries Service (NMFS) landing records

When NMFS landing records for the U.S. east coast and Gulf fisheries LCS complex
(NOAA/NMFS, 2006) were correlated to Bimini temporal N. brevirostris CPUE
records from the same period (Figure 25), no significant relationship was found. The
lack of a significant correlation was most likely the result of erratic CPUE
distribution throughout the 1980s research campaign (Figure 9). The erratic CPUE
distribution was largely caused by sacrificial research techniques, which may well
have clouded any external influences from the U.S. east coast and Gulf fisheries
landings of Large Coastal Sharks (LCS).
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24. 1992 - 2003 research campaign

2.4.1. Background

Following the 1980s research campaign the 1992 — 2003 longline efforts targeted an
N. brevirostris population that could no longer be considered as ‘relatively
unaffected’ by anthropogenic influences. The main influence was a direct result of
previous research itself, predominantly from the sacrificial techniques used in the
1980s campaign, with sacrifices of N. brevirostris specimens numerous to contribute

to the various life-history based studies, most notably the age and growth study.

Throughout the 1980s and subsequent 1992 - 2003 campaign, artisanal and
recreational fishing activities remained relatively constant and minimal and therefore
were not considered as an external factor contributing to changes in N. brevirostris
population dynamics. However, in 1997 Bimini Bay Development work started.
This involved large-scale alterations to the Bimini marine ecosystem both sub-
tidally, in the form of heavy dredging (initiated in 1999), and in the littoral zone N.
brevirostris nursery grounds, with the removal of large areas of the fringing
mangroves (Jennings et al., 2007, Gruber, 2002). In terms of significant events in the
development, the most intense dredging activities were conducted in March 2001
(Feldheim and Edren, 2002, Jennings et al., 2007).

The opening of the Bimini Biological Field Station (BBFS) in 1990 was followed by
a two year period without any longline survey work as the station was still being
established and developed. Following the 1980s cruises, research foci were still
grouped under the overall aim of “the elucidation of the role of the lemon shark
(Negaprion brevirostris) as a top predator in the tropical marine environment”
(BBFS, 2008). They did however move completely away from sacrificial research
techniques. This would have instantly reduced the direct research-related impacts
upon the resident N. brevirostris population. A number of studies were conducted
over that decade and the following three years of the station’s research activities
including: diet studies, ecosystem dynamics, telemetry and homing studies. These

research projects focused predominantly on the juvenile life stage and, to a much
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lesser extent, the sub-adults (BBFS, 2008). This meant that there were minimal

direct impacts from the research activities to the longline target populations.

During this research period longline activities were conducted to providing
specimens for university based elasmobranch field biology courses and film crews
making nature documentaries. Field biology courses were conducted at the BBFS
intermittently throughout the course of each year. In addition, through the 1990s,
media interest in elasmobranchs proliferated and the BBFS received a large amount
of media interest (BBFS, 2009a). Both the university courses and the film crews
required larger shark specimens than the usual research techniques produced,
therefore the larger specimens were obtained through the employment of the same
shallow water longlines utilised during the 1980s research campaign. Around three
university courses were conducted each year and up to 10 film crews, which resulted
in relatively frequent longline efforts throughout the duration of each research year.
As in the previous campaign the purpose of the longline effort was not to conduct a
population study, however, the frequent efforts and standardised approach has
allowed for the data to be analysed for population patterns over the period.
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2.4.2. Methodologies

2.4.2.1. Longlines

The same longline gear was used as in the 1980s campaign. As in the 1980s
individual elements were replaced as needed. For example, hooks were replaced if
cut and the stainless steel cable element of the gangions were often replaced if
damaged by the shark capture or processing. The most significant gear change was
the switch from 9/0 J hooks to 16/0 circle hooks (Plate 1) in 1996. Scomber
scombrus was no longer utilised as bait as it was hard to obtain from the island base.
Sphyraena barracuda was still predominately utilised in combination with various
jack species (Carangoides sp. and Seriola sp.). Check incidences were increased
from twice daily to once every four hours, which, following some trial and error was
found to be the best balance between minimum disturbance and maximum survival
of captured specimens. Fishing locations were similar to those of the 1980s (Figure
4), although sets were conducted with the use of visual references so minor

discontinuity in exact location occurred.

16/0 circle

Plate 1. 9/0 J hook (left) and 16/0 cirdc hook (right)
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24.2.2.  Shark processing

The processing of captured sharks remained almost identical to that employed in the
1980s (section 2.3.2.3), bar a few minor exceptions. For N. brevirostris new Passive
Integrated Transponder (PIT) tags were utilised. The decision to switch from
external NMFS M-type dart tags to the new PIT tags was made due to their size
(Plate 2). This made it possible to issue all N. brevirostris from neonate to fully
mature with the same tag (Feldheim et al., 2002b). Therefore, between 1992 - 2002,
external dart tags were only issued to fully mature N. brevirostris. Later in 2003 the
benefits of double tagging all suitable N. brevirostris was realised due to the
potential longevity of the external tags from sub-adult to maturity when they were
more likely to undertake large scale movements/migrations (Kohler and Turner,
2001). The minimum TL for M-type dart tag application was decided to be 140 cm
as by this size, for most species, enough muscle had been developed to safely lodge
the dart (personal communications Gruber 2008). Therefore from 2003 onwards all
N. brevirostris of TL > 140 cm were issued with both a PIT and M-type dart tag.
Finally in 1995 the Bimini genetics bank was initiated, therefore a genetic sample in
the form of a small fin clip (-0.5 cm?2) was taken from all captured N. brevirostris

regardless of size.

Plate 2. Passive Integrated Transponder (PIT) tag
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2.4.2.3. Dataset
Similar to the 1980s the 1992 — 2003 workable dataset was assembled and truthed

from a number of sources. Unlike the 1980s, the database was already transcribed
onto an excel spreadsheet. Following a given fishing period the data were
transcribed directly onto the database by the research team, maintained by the
Principal Investigators. The first step was to take the existing database, comprising
all BBFS sampled sharks, and remove all records that represented a gear or capture
type other than longlining. This was a relatively simple process as almost all records
had an entry in the ‘gear’ field. Questionable records were cross-referenced with
hard copy catch records and hook books as well as the methods for other captures on
that date. Once all non-longline records were removed, the dataset was cross-
referenced against the backlog of data books from the period. The final dataset
represented a total of 202 N. brevirostris and an additional 367 sharks of other

species.

2.4.24. Analytical methodologies

2.4.2.4.1. Deduction of Unit Effort (UE)

Compared to the 1980s campaign, individual fishing periods were generally shorter,
but more evenly distributed throughout the year. This resulted in less potential
seasonal influence over CPUE levels and a more even annual representation between
years. Once again UE had to be deduced from a range of available information.
This comprised the cross-referencing and truthing between data books and electronic
spreadsheets. Deduced efforts were finally checked with the past resident staff and
scientist of the BBFS, who were running the longlining operations for the research

period, with special attention to areas of uncertainty within the data books.

2.4.2.4.2. Assumptions

Section 2.3.2.5.2 details a number of variables assumed to have no effect over the
results of the subsequent sections for the 1980s catch data. For the 1992 — 2003
catch data many of these assumptions over variables remained the same. However,

increased field recording of some of these variables allowed investigation into their
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influence. These variables are re-listed below, with explanations only provided when
they differ for those of the 1980s dataset:

A.
B.
C.

bl

2R

e Z

®

Movements and migrations;

Fishing location;

Fishing-master experience — though many of the research cruise crew
members had moved on by this point and new personnel were staffing the
BBFS, the overall experience of the science director, Dr. S. Gruber, would
have been ever increasing, potentially producing temporal increases in fishing
efficiency;

Operation time — operation times were generally shorter with less back to
back fishing efforts, reducing the potential of influence;

Bait loss;

Gear saturation;

Detection of gear — it is possible that, for the more site-attached N.
brevirostris and G. cirratum, repeated exposure may have increased the
possibility of gear detection;

Hunger;

Competition among gears;

Bait type — following the establishment of the BBFS, mackerel was no longer
used as bait. Barracuda was still used in combination with various jack
species (Carangoides sp. and Seriola sp.);

Bite-off;

Activity;

. Environmental factors;

Diel;

Lunar - The effects of lunar phase on catch rates are investigated in section
2.4.3.2;

Hook type - The effects of hook type on catch rates are investigated in
section 2.4.3.3;

It is assumed for the subsequent results and analysis that variables A to N had no

effect upon the catch records included in the dataset, with the effects of O and P
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investigated prior to any further population analysis. In a given, section should a
variable be accounted for, or additional variable assumed to have no further effect,

this will be stated at the beginning of the analytical methodology.

2.4.2.4.3. Lunar effect

The effects of lunar phase on the behaviour and activities, including feeding, are well
documented for many fish species (Dewar et al., 2008, Graham et al., 2006,
Hernandez-Leon, 2008, Kraus and Rooker, 2007, Kuparinen et al., 2009, Nanami
and Yamada, 2009, Oliveira et al., 2009, Whitty et al., 2009). For the 1980s data set
results and analysis, no influence of lunar phase was assumed, yet it is entirely
possible that this variable may have affected the results. Partial lunar phase data was
recorded during the 1992 — 2003 research campaign. This prompted the completion
of lunar phase for catch records by reference to the NASA historical lunar records
(NASA, 2008). For a given catch record, the number of days within the current lunar
cycle were recorded, then the number of days relative to the date of the catch record
from new to full moon were recorded. The number of days from new to full moon
was then converted into a percent of full moon for that particular date by the

following:-

No.days new to full

= x 100
No.days in lunar cycle

These results were then grouped into 10% bins for total catches of all shark species.
Since fishing efforts were not designed around lunar phases, fishing efforts for each
lunar percentile group were not equally distributed. It was therefore necessary to
normalise these results by the number of days fished within each percentile group to
give a CPUE per bin. This was achieved for each 10-percentile bin by applying the

following:-

Z _ No.sharks caught in bin
" No.days fished in bin
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Variations relative to the wax and wane state of the lunar phase were investigated.
Records with waning percentiles were converted to negative values. The records
were then regrouped into their new bins and the normalisation process was repeated.

Finally N. brevirostris records were isolated and the entire process was repeated.

2.4.2.44. Hook type

Hook type is well documented to have effect over catchability (Bolten et al., 2002,
Cooke et al., 2003a, Cooke and Suski, 2004, Cooke et al., 2003b, Falterman and
Graves, 2002, Galeana-Villasenor et al., 2008, Hand, 2001, Huse and Ferno, 1990,
Malchoff et al., 2002, McEachron et al., 1985, Prince et al., 2002, Skomal et al.,
2002). In 1996 the BBFS switched from 9/0 J hooks to 16/0 circle hooks. This was
in response to reduced mortality, coupled with similar catch rates on experimental
circle hook longlines, conducted by the Virginia Institute of Marine Science (VIMS;
personal communications Grubbs 2003). Elsewhere circle hooks have been
documented to alter catch and mortality rates for elasmobranchs by 14.4% (Yokota et
al., 2006) and 15.4% (Kerstetter and Graves, 2006) respectively. It was therefore
necessary to explore the effects of the change in hook type. The data was then tested
for normality and a t-test test was conducted for CPUE data pre and post hook

change.

2.4.2.4.5. Catch proportions
The same methodology described in section 2.3.2.5.4 was used, with data grouped by

year, rather than cruise, given the more consistent distribution of annual effort.
Proportions were then displayed by species relative to the proportions from the

previous campaign, and analyses for temporal change.

2.4.2.4.6. Catch Per Unit Effort (CPUE)

The same methodology described in section 2.3.2.5.5 was used. N. brevirostris
temporal CPUE variation was plotted only as a scatter graph. This showed a distinct
trend was immediately apparent. A linear trend-line was fitted to the plot but was

replaced by a polynominal trend-line, fitted using Excel 2007® software. This
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decision was as a result of the scatter distribution and the distinct possibility that
carrying capacity for the ecosystem had been reached; therefore a linear trend-line
would be an inappropriate fit for a population that has no further possibility of

substantial increase.

2.4.2.4.7. Capture related mortalities

The same methodology, as described in section 2.3.2.5.6 was used, with data was
grouped by year rather than cruise given the more consistent distribution of annual
effort. With the absence of scientific sacrifices, all mortalities were the direct result

of capture on the longlines.

2.4.2.4.8. Mark-recapture

In addition to all previously stated variables A — M, zero tag loss was assumed,
relative to a proven retention for PIT tags of 88% (Feldheim et al., 2002b). The same
methodology, described in section 2.3.2.5.7 was used, except for the following
alteration. N. brevirostris recaptures were truthed using the PIT tag records, not the

M-type dart tags, accept for occurrence of recaptures between research periods.

2.4.2.4.9. Temporal Pre-Caudal Length (PCL) variation of N. brevirostris
The same methodology described in section 2.3.2.5.8 was used, with data grouped by

year, rather than cruise, given the more consistent distribution of annual effort.

2.4.2.4.10. National Marine Fisheries Service (NMFS) landing records

The same methodology described in section 2.3.2.5.9 was used, with data grouped by

year, rather than cruise, given the more consistent distribution of annual effort.
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2.4.3. Results

2.43.1.  Deduction of Unit Effort (UE)

UE varied greatly between 1992 and 2003 (Figure 26), being low for the first two
years 1992 - 1993 (135 and 120 respectively) and unusually high during 1996 (2160)
and 1997 (2760). Following this inconsistent period UE remained fairly constant
between 1998 - 2003. The disproportionate effort logically resulted in
disproportionate catches between years (Table 3).

3000 r

1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003

Year

Figure 26. UE by year as a product of number of hooks multiplied by number of days fishing

Table 3. Number of sharks caught by species and total from 1992 - 2003

Species 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 Total

N.brevirostris 1 0 5 8 53 45 13 15 27 9 14 12 202
Cleucas 1 0 0 0 2 2 1 0 0 0 1 0 7
C.limbatus 0 0 4 4 13 6 2 6 11 2 19 5 72
G.cirratum 1 2 3 5 10 17 7 3 8 4 25 22 107
G.cuvier 1 4 2 8 40 29 5 28 28 3 19 6 173
R.porosus 0 0 0 0 1 2 0 1 0 2 0 2 8
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2.43.2. Lunar effects

Total CPUE relative to the binned lunar phases (Figure 27), showed no distinct
pattern. Total CPUE relative to binned normalised lunar phases, with waxing and
waning state considered (Figure 28), also showed no distinct pattern. Results for N.
brevirostris CPUE, both of total lunar phase (Figure 29), and with waxing and
waning state considered (Figure 30), also revealed no distinct influence of lunar

variations over this species’ catch rates.

0to 10 10.1to 20 20.1to 30 3alto40 40.1to 50 50.1to 60 60.1to 70 70.1to 80 80.1 to 90 90.1 to 100
%of full moon

Figure 27. Total CPUE, between 1992 - 2003, by% full moon

35

30

96 of full moon

Figure 28. Total CPUE, between 1992 - 2003, by% full moon - waxing (white) and waning
(black)
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*_ brevirostris CPUE

Oto 10  10.1to 20 20.1to 30 30.1to 40 40.1to 50 50.1to60 60.1to 70 70.1to 80 80.1to 90 90.1to 100
% of full moon

Figure 29. N. brevirostris CPUE, between 1992 - 2003, by% full moon
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Figure 30. N. brevirostris CPUE, between 1992 - 2003, by% full moon - waxing (white) and
waning (black)
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2.43.3. Hook type

There was no significant difference between hook types (t = 0.84, dif. = 0.015, P >
0.05) for CPUE between years where 9/0 J hooks (1992 - 1996) were used relative to
years where the similarly size 16/0 circle hooks (1996 - 2003) were employed.

2.43.4.  Catch proportions

N. brevirostris proportions through the research period were relatively steady, bar
1993, when no N. brevirostris were captured (Figure 31). With the exclusion of
1993, proportions ranged from 18 - 46% (mean = 31.41 + 3.92% s.e.), with

apparently little influence from the total number of sharks captured.

m Proportion of total

9

a Total sharks caught

1992 1993 1994 199S 1996 1997 1998 1999 2000 2001 2002 2003

Year

Figure 31.. Proportion of N. brevirostris caught on longlines, from 1992 - 2003, relative to the

total of all sharks captured

N. brevirostris proportions for the entire research period were 36% of total catch for
all species (Figure 32). Overall, the four species with the highest catch proportions
were: N. brevirostris (36%), G. cuvier (30%), G. cirratum (19%) and C. limbatus
(13%). Changes in catch proportions between the 1982 - 1989 and the 1992 - 2003

research periods (Figure 33) showed an increase in abundance for: AL brevirostris
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(15%), C. limbatus (8%), G. cirratum (5%) and G. cuvier (8%), and a decrease in
abundance for: C. acronotus (9%), C. leucas (1%), R. porosus (25%), and S. tiburo
(1%).

40

N. brevirostris C leucas C limbatus G. cirratum G. cuvier R. porosus
Species

Figure 32. Proportions of total catch for all species caught from 1992 - 2003
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m 1982 1989 campaign
35 * 1992 - 2003 campaign

30

25

20
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N. C ocronotus C leucas C limbatus G. cirratum G. cuvier R.porosus S. tiburo
brevirostris

Species
Figure 33. Spedes change in proportion of catch between the 1982 - 1989 and 1992 - 2003

campaigns
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2.4.3.5. Catch Per Unit Effort (CPUE)

N. brevirostris CPUE values between 1992 and 2003 showed a distinct and
significant (12 = 0.726, n = 12, P < 0.01) temporal increase (Figure 34). The
polynominal trend-line was utilised as data showed a steady increase between 1992
and 1999, and then remained somewhat steady. Total CPUE for all species showed

no pattern across the entire period (Figure 35), and was lowest from 1995 - 1998.

0.02
x 0.01S
a- 0.0l

0.005

1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003

Year

Figure 34. N. brevirostris CPUE on longlines conducted from 1992 - 2003

0.12 r

1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003

Year

Figure 35. Total CPUE for all species on longlines conducted from 1992 - 2003
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The results of the CPUE correlation analysis showed no relationships, positive or
negative, for any of the species for this research period. The results for correlation
between years showed most years to be significantly correlated to the years before
and after, except for 1992, 1993, 1998 and 2001. The cluster analysis for species
based CPUE (Figure 36) showed N. brevirostris (1) and G. cuvier (5) to be clearly
separated from the main group and each other. The main central group consisted of
C. leucas (2), R. porosus (6), C. limbatus (3) and G. cirratum (4). G. cirratum was

joined to the others at 47%, C. limbatus at 57%, while C. leucas and R. porosus were

tightly clustered at 82%.
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Figure 36. . Similarity between species CPUE from 1992 - 2003; 1 = N. brevirostris, 2 = C. leucas,
3=C. limbatus, 4 = G. cirratum, S = G. cuvier and 6 = R. porosus

PC1 and PC2 explained 77% of variance, therefore the results of the score and
loading plots are a valid representation of the 1992 — 2003 research period. The
score and loading plots (Figure 37 and Figure 38) showed that N. brevirostris and G.
cuvier were isolated from the rest of the species and each other. N. brevirostris was
isolated due to the years 1994, 1998, 2001 and 2003. G. cuvier was isolated due to
years 1993 and 1999.
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Figure 37. Score plot of research years' 1992 - 2003 species CPUE, groups encircled to show
distribution
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Figure 38. Loading plot of research years' 1992 - 2003 species CPUE, groups encircled to show
distribution
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The cluster analysis for year based CPUE (Figure 39) revealed a distinctly similar
group comprising in order, the years: 1992, 1994, 1995, 1997, 1998, 2001, 1996 and
2000. This was separated from the rest of the cruises: 1999, 2002, 2003 and 1993,
which showed strong dissimilarity to the grouped years, as well as between
themselves. Of the grouped years, 1997 and 1998 showed the greatest similarity at
88%.
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Figure 39. Similarity between research year CPUE from 1992 - 2003; 1 - 12 = 1992 - 2003

PC1 and PC2 explained 60% of variance; therefore the results of the score and
loading plots are a valid representation of the 1992 - 2003 research period. The
score plot (Figure 40) showed all years to be centrally grouped, except 1992, 1999,
2002 and 2003. The loading plot (Figure 41) shows the isolation of 1992 was the
result of C. leucas CPUE in this year. The isolation of 1999 was the result of N.
brevirostris, G. cuvier and R. porosus CPUE in this year. The isolation of 2002 and

2003 was the result of C. limbatus and G. cirratum CPUE in these years.
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Figure 40. Score plot of all species’ year CPUE, groups encircled to show distribution
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Figure 41. Loading plot of all species’ year CPUE, groups encircled to show distribution
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2.43.6. Capture related mortality

N. brevirostris catch related mortalities were very low during the 1992 - 2003
research campaign. Capture related mortalities for N. brevirostris were only present
during four years: 1996 (18%), 1997 (6.5%), 2001 (11%) and 2003 (8%). The
correlation between catch related N. brevirostris mortality and CPUE the following
year showed no significant effect on population levels (r = -0.046, n = 4, P > 0.05).
Total mortalities for all species during the 1992 - 2003 research campaign (Figure
42) were considerably lower than in the 1980s (Figure 19) for all recoded species.
Most notably R porosus mortalities were 12.5% compared to 91%, and C. limbatus
mortalities were 16.5% compared to 73%, in the 1980s campaign. Mortalities were

present for all species except for G. cuvier.
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Species

Figure 42. All species longline catch related mortality from 1992 - 2003

2.43.7. Mark-recapture

As in the 1980s, no N. brevirostris mark-recaptures were recorded at the beginning
of the research campaign, with the first occurring in 1995 (Figure 43). Following
this, recaptures were recorded in: 1995 (12.5%), 1996 (15%), 1997 (11%), 1998
(31%), 1999 (13%), 2000 (11%) 2001 (11%) and 2002 (14%). No N. brevirostris

recaptures were recorded in 2003. During the entire 1992 - 2003 research period,
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four species: N. brevirostris (12%), C. limbatus (1%), G. cirratum (3%) and G

cuvier (3%) all provided mark-recaptures (Figure 44).
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Figure 43. N. brevirostris longline mark-captures from 1992 - 2003
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Figure 44. All species longline mark-captures from 1992 - 2003
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2.43.8. Temporal Pre Caudal Length (PCL) variation of N. brevirostris

Mean N. brevirostris PCL was relatively stable throughout the 1992 - 2003 research
campaign (Figure 45), with standard error generally low throughout. Mean N.
brevirostris PCL was relatively high in 1992 with no N. brevirostris captured in
1993. This was followed by an apparent decline in mean PCL from 1994 to 1997.
Mean N. brevirostris PCL then became extremely stable from 1998 to 2001,
followed by a steady increase in mean PCL between 2001 and 2003. As in the 1980s
campaign, all four life stages: juvenile (PCL 45 - 80 cm; 5%), young sub-adult (PCL
81 - 124 cm; 52%), old sub-adult (125 - 165 cm; 29%) and adult (PCL 166+ cm;
13%), were represented in the 1992 - 2003 longline catch database.

M  Min PCL(cm)
m H Max PCL (cm)
Mean PCL (cm)

1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003
Year

Figure 45. N. brevirostris mean PCL variation from 1992 - 2003

2.43.9. National Marine Fisheries Service (NMFS) landing records

NMFS landing data compared to Bimini N. brevirostris CPUE records, from 1992 -
2003 (Figure 46), showed a distinct negative relationship between the two data sets.

As U.S. fisheries landings temporally decreased across the period, Bimini N.
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brevirostris CPUE significantly increased (r = -0.77, n = 12, P <0.05) over the same

temporal period.
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Figure 46. Annual NMFS LCS complex landings for the U.S. east coast and Gulf fisheries vs
Bimini N. brevirostris CPUE
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2.4.4. Discussion

2.44.1. Deduction of Unit Effort (UE)

At the beginning of the campaign in 1992 -1993 UE was very low (Figure 26) as the
BBFS was still being established. UE was high during 1996 and 1997, which
coincided with a considerable rise in media shark interest during this period (BBFS,
2009a). This caused the elevated fishing efforts for these two years, as the BBFS
experienced a large influx in filming activities from production companies, and
greatly reduced in the subsequent years, which was probably as the result of
decreased demand through over public exposure and saturation. The fairly constant
UE that followed the inconsistent period between 1992 — 1997 was the result of
consistent year-on-year university field courses, with minimal additions from media
projects. Variation in UE inevitably resulted in disproportionate catches between
years (Table 3). The inconsistency of UE through the research period highlights the
importance of assessing populations through the medium of CPUE rather than raw

catch records.

2.44.2. Lunar effects

The absence of any distinct patterns (Figure 27 — 30) suggests the lunar phase
relative to proportion of full moon had no influence over shark catch rates around the
Bimini Islands. It would be an expected outcome for lunar phase to affect CPUE as
it has commonly been shown to affect marine species behaviour (Bigelow et al.,
1999, Dewar et al., 2008, Hammond and Welsh, 2009, Hernandez-Leon, 2008, Kraus
and Rooker, 2007). However, lunar driven behaviours tend to be displayed at the
mature life-stage, often as a function of reproduction (Graham et al., 2006, Ikegami
et al., 2009, Kuparinen et al., 2009, Lowry et al., 2007, Nanami and Yamada, 2009,
Oliveira et al., 2009), with the majority of the Bimini lagoon N. brevirostris
population comprised of immature individuals. Thus the fact that lunar phase was
not considered in the planning on longline sets throughout the entire research period
1982 — 2008 should not have lead to any false patterns or cause an inability to detect

true patterns in population statistics.
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2.44.3. Hook type

The absence of a significant difference in CPUE between 9/0 J hook (1992 - 1996)
and 16/0 circle hooks (1996 — 2003) utilisation resulted in separate hook types
concluded as a single continuous dataset. In many other studies, hook type has been
found to effect catch and survival rates (Cooke et al., 2003a, Cooke and Suski, 2004,
Cooke et al., 2003b, Falterman and Graves, 2002, Galeana-Villasenor et al., 2008,
Hand, 2001, Kerstetter and Graves, 2006, Malchoff et al., 2002, McEachron et al.,
1985, Prince et al., 2002, Rice, 2006, Yokota et al., 2006). The absence of a
significant effect in this study is likely due to the relatively low catch rates
throughout the research period, compared to longline based hook assessments with
relatively high catch rates (Bigelow et al., 1999, Falterman and Graves, 2002,
Kerstetter and Graves, 2006, Yokota et al., 2006). Thus catch rates of the Bimini
longline efforts were likely too low to be subject to any significant effects of the

change in hook type in 1996.

2.4.4.4. Catch proportions

A relative consistent proportion of N. brevirostris (Figure 31), despite an inconsistent
in UE (Figure 26), and resultant total catch suggests a general stability of the N.
brevirostris throughout the 1992 — 2003 research campaign. The complete absence
of N. brevirostris in 1993 was the result of a relatively very low UE in that year. A
total of only two days fishing was conducted, one of which was in February when the
water temperatures were low and season low catches of N. brevirostris were usually
recorded (see section 3.3.4). The other UE was in May when catches were normally
higher. Of the three species, G. cuvier, G. cirratum and C. limbatus, that together
with N. brevirostris represent the most abundant shark species around the Bimini
Islands for this research period, the large abundance of G. cuvier and the resultant
predation risk this species poses were, similarly to the 1982 — 1989 research period,
most likely to effect the dynamics of the N. brevirostris population (Chase et al.,
2002).

Proportions of N. brevirostris increased by a disproportionately large amount,

relative to the other species (Figure 33), suggesting an increase in the size of the N.
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brevirostris population relative to those of the other species. This indicates that the
scientific sacrifices were restricting N. brevirostris r-intrinsic (the maximum
potential of a population to expand) rates (Gedamke et al., 2007). The complete
disappearance of C. acronotus was of concern as they previously represented a
relatively large proportion of the total catch. The huge reduction in R. porosus was
also of concem. Both of these reduced species, C. acronotus and R. porosus,
suffered high catch related mortalities in the 1980s campaign and may not have fully
recovered during the following research period. Also, increases in N. brevirostris
and G. cuvier could also have lead to increases in predation pressures. Through
these increases and decreases the relative shark abundances have altered between the
two research periods, and now showed a more N. brevirostris dominated shark

community structure.

2.44.5. Catch Per Unit Effort (CPUE)
The temporal pattern of CPUE between 1992 — 2003 (Figure 34) indicates a steady

population increase until the carrying capacity of the ecosystem was reached. It is
likely that although apparently steady throughout the 1980s campaign, population
levels were below what is considered equilibrium within the ecosystem. It is
completely possible that the nature of the sacrificial research being conducted on N.
brevirostris throughout, although not causing a significant decline in the population,
did not allow the population to reach its maximum sustainable capacity (Gedamke et
al., 2007). Following the sacrificial based research of the 1980s cruises, all research
conducted by the BBFS was based on non-sacrificial techniques, with every effort to
keep the test specimens alive during and after capture. It appears that this allowed
the population to reach its full potential for the Bimini Islands. It is possible that the
decline of N. brevirostris CPUE from 2000 to 2001 can be attributed to the intensive
dredging conducted by the Bimini Bay Development in the N. brevirostris nursery
(Feldheim and Edren, 2002, Jennings et al., 2007). This resulted in increased
mortality in the juvenile population (Jennings et al., 2007) that could have lead to
direct reductions in CPUE through decreased recruitment from the nursery areas.
Also, the disturbance to the nursery area during the breeding months could have
disturbed the activities of the mature breeding female population (Feldheim et al.,

2002a) that often comprise a number of the longline catches during this period.
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Relatively low total CPUE between 1995 — 1998 (Figure 35) has no apparent cause
for the years 1995 and 1998. However, for 1996 and 1997 it is possible that the high
level of UE neared sample saturation of the shark population, thus reducing catch
rates relative to UE (Ward et al., 2004).

The absence of correlation for the years 1992, 1993, 1998 and 2001 was justified in
part by UE. Reference to the CPUE results (Figure 35) showed that 1992 and 1993
had generally low CPUE for most species, as very low UE focused only in a few
months, in both these years (Figure 26). Therefore seasonal variations in CPUE (see
section 3.3.4) lead to less accurate annual representation causing dissimilarity
relative to other years. Also 1993 also saw the unusual occurrence of zero N.
brevirostris CPUE making it instantly dissimilar to all other years. An increase in
total CPUE from 1998 to 1999 caused dissimilarity between the two years. Dredging
related to the Bimini Bay Development started in 1999 on the west side of the lagoon
(Jennings et al., 2007, Feldheim and Edren, 2002). It is possible that this disturbance
to the marine environment in the west of the lagoon could have caused a
displacement, the result of avoidance, of sharks in the west of the lagoon to the east,
where they would have received increased encounter rates with the longline (see
section 4.4.2). This could therefore have increased the relative CPUE the increased
encounterability (Ward, 2008, Stoner, 2004), compared to the previous year, when
the west lagoon was left untouched. The discontinuity between 2001 and 2002 can
be attributed to the period of most intensive dredging, relating to the Bimini Bay
Development, in the west of the lagoon (Jennings et al., 2007, Gruber, 2002,
Feldheim and Edren, 2002). Again, this could have displaced many sharks from the

west to the east of the lagoon where the longlines are set.

This separation of N. brevirostris in the cluster analysis (Figure 36) reflected the
disproportionately high increase in N. brevirostris CPUE relative to the other species.
This allowed N. brevirostris to become the most abundant shark species in the catch
records for the 1992 — 2003 research campaign. The closely clustered species of C.
leucas and R. porosus, both represent relatively and similarly small catches, seven

and eight individuals respectively, which provided cause for the similarity. There
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was also the potential that R. porosus presence on the longlines could have drawn C.

leucas to the area resulting in simultaneous captures (Stoner, 2004).

N. brevirostris CPUE was isolated from the other species due to the years 1994,
1998, and 2001 (Figures 37 and 38). These are all years that N. brevirostris CPUE
was considerably higher and often double that of the other species; therefore it is
predominantly the catches in these years that resulted in the N. brevirostris
representing the highest proportion of catches for this research period. G. cuvier was
isolated due to the years 1993 and 1999, in which its CPUE was also considerably
higher and double that of any other species. The G. cuvier proportion increase
relative to the 1980s campaign can therefore be predominantly attributed to these two
years. This increase would most likely have influenced the reduction in the numbers
of smaller shark species (Lowe et al., 1996, Chase et al., 2002).

The years 1997 and 1998 were most strongly grouped by the cluster analysis (Figure
39). N. brevirostris CPUE appeared to be approaching carrying capacity for the
ecosystem (Figure 34), indicating a relative stability at this time of the campaign.
This stability was then disrupted by the beginning of the Bimini Bay Development
dredging activities in 1999 (Jennings et al., 2007, Gruber, 2002, Feldheim and Edren,
2002), a year that was shown to have a high degree of dissimilarity to the grouped
years. Again this has suggested that the Bimini Bay Development caused disruption
to the Bimini shark population dynamics. 1993 showed the highest degree of
dissimilarity to the grouped years, which is logical as only two species, G. cirratum
and G. cuvier, were recorded at all. This could have been the result of unusual
catches over the relatively low UE for that year. The dissimilarity of the 2002 and
2003 catches from the group, may have been due to effects of the intense dredging
that took place in 2001 and the continuing detrimental nursery habitat alterations
associated with the overall development (Gruber, 2002, Jennings et al., 2007). These
would represent the time-lagged results that would be expected from a bottom up

population decline starting in the nursery areas.

The isolation of year 1992 (Figure 39) is the result of C. leucas CPUE (Figure 40 and

41); this however represents a single C. leucas catch that made up 25% of the four
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sharks caught in a year of very low overall UE. Therefore, the influence of C. leucas
over the local shark population has been over-represented by the unusually low total
CPUE for that year. From the loading plot it becomes apparent that the isolation of
1999 is the result of unusual combined high CPUE of N. brevirostris and G. cuvier,
with the addition of a relatively high R. porosus CPUE. However, R. porosus CPUE
was still very low in relation to most other species, and therefore poses little
influence. N. brevirostris and G. cuvier CPUE have been shown to ordinarily pose a
negative relationship upon each other through the predation risk that G. cuvier poses
over N. brevirostris. A likely avoidance mechanism would be for the N. brevirostris
to move to the west of the lagoon, over the very shallow waters of the central lagoon,

where it would be much more difficult for the generally larger G. cuvier to access.

As a result, the west of the lagoon is an area where very few, if any, G. cuvier
sightings, or capture from other fishing methods in the area, have been made
(personal observations 2002 - 2008). However, the initiation of the Bimini Bay
Development dredging in 1999 would have caused instant disturbance and increased
turbidity in the west of the lagoon (Gruber, 2002). This would have rendered the
area much less suitable or desirable as a refuge, possibly forcing the N. brevirostris
to remain in the east of the lagoon where the water depths are suitable even at low
tide. Thus, in contrast to other years, both species would have been abundant in the
target area during the same fishing periods, allowing multiple simultaneous captures
to occur. The loading plot showed high catches of G. cirratum and C. limbatus to be
the cause for the isolation of 2002 and 2003. Many of the fishing efforts in 2002 and
2003 occurred during summer months when C. limbatus and G. cirratum are usually
in high numbers (see section 3.3.4), resulting in disproportionately high catches for

these species.

2.4.4.6. Capture related mortality
The reduction in catch related mortalities between the 1982 — 1989 and the 1992 —

2003 research campaigns was the direct result of the move away from sacrificial
based research techniques and alterations to the checking regime. From 1992
onwards every effort was made to keep the study sharks alive during all conducted

research. Checking periods were altered from twice a day to every four hours,
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greatly reducing the average time that each shark remained on the line and therefore
increasing survival rates (Ward et al., 2004). Also the permanent research base in the
form of the BBFS meant that, unlike the research cruises, set periods could be more
carefully chosen to avoid serious weather effects that may prevent the checking of
the lines for long periods. The mortalities that occurred between 1992 — 2003
curiously came after the switch from J to circle hooks, which elsewhere have been
proven to reduce shark mortality (Falterman and Graves, 2002). The highest rate in
1996 can be attributed to the very large N. brevirostris catch (No. = 53) that year.
Therefore, as there is an inherent risk of mortality with any shark capture; the more

N. brevirostris caught, the greater the chance a portion will die.

Many of these mortalities came when multiple sharks were caught on the same
checks. The processing time, in addition to the 4 h period between, meant that some
of the sharks remained on the lines for extended periods resulting in mortality. The
1997 mortalities, though less in number, can be attributed to the same cause. The
high mortality rate in 2001 could be the result of the intense dredging occurring in
the west of the lagoon that year. The dredging activity in the west resulted in high
catch rates in the east, while turbid waters resulting from the dredging compromised
environmental conditions. Turbidity commonly lowers oxygen levels available in
the water column (Zale and Merrifield, 1989), which increases the possibility of
suffocation caused by restricted movements on the lines. The 8% mortality rate in
2003 relates to a single shark that was released alive, but then found dead the next
day, and identified by the external tag. This mortality remains somewhat of a
mystery as the shark was released in good condition and the mortality cannot be

attributed to anything recorded in the comments during processing.

Total mortalities for all species during the 1992 - 2003 research campaign (Figure
42) were considerably lower than in the 1980s (Figure 19). Dramatic reductions in
R. porosus and C. limbatus mortality was most likely the direct result of increased
check occurrences to once every four hours during the 24 h fishing period (Ward et
al.,, 2004). N. brevirostris mortalities were also greatly reduced from 20% in the
1980s to 7%. This was the result of a combination of the move to no sacrificial study

approaches and the increased check ratios. No correlation between catch related
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mortality and subsequent CPUE, indicates that low catch related mortality had no
significant effect over the N. brevirostris population dynamics. This in turn
contributed to the increase in population level to near ecosystem capacity through the
period. Therefore, it appears that during the 1980s, study related mortalities posed
the greatest influence over N. brevirostris population levels at the Bimini islands. In
contrast to the 1982 — 1989 research campaign when a number of species were
subject to high levels of catch related mortality (Figure 42), with now minimal
effects to other elasmobranch species N. brevirostris still emerged as the most
abundant shark species present in the waters (Figure 32). The absence of any G.
cuvier mortalities is logical, as this species is one of the more robust species in
relation to prolonged periods on the longlines (Cortes et al., 2008, Holland et al.,
1999).

2.44.7. Mark-recapture

In the case of the 1980s campaign, the low N. brevirostris mark-recapture rate during
the first three years (Figure 43) was logical, as prior to this there were no N.
brevirostris tagged in the area. However, in the 1992 — 2003 campaign it would be
expected that individuals tagged in the 1980s campaign would still be instantly
available for recapture at the start of longlining in 1992 (Chapman et al., 2009). This
can be explained as there was a sustained level of catch related mortality right up
until the end of the 1980s campaign, thus less N. brevirostris were tagged and
released. There was also the period between 1990 and 1992 where no sharks at all
were caught and tagged under the longline activities. Numbers of captured N.
brevirostris were also low at the beginning of the 1990s longlining efforts, thus few
tagged sharks were available for capture in the area. It is also possible that many of
the larger sharks would have reached maturity and left the target area (Feldheim et
al., 2002a, Sundstrom et al., 2001) between the time of last recapture in the 1980s
and 1995. This would have further reduced the number of tagged sharks present in

the target area.

Once the levels of tagged sharks within the population increased, and recaptures
began to be recorded in 1995, levels remained relatively stable until 2003 when no

mark-recaptures were recorded. This suggest that for this period, the N. brevirostris
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population was consistently stable, with new sharks repeatedly being added to the
population and other tagged sharks dying, or leaving the area. Since mark-recapture
proportions were remaining stable relative to the temporal changes in CPUE, this
supports the theory that the population steadily increased and then levelled out as it
reached the carrying capacity of the ecosystem. The highest recapture proportion
was recorded in 1998, which is logical as it followed two years of intense fishing
efforts and thus N. brevirostris catches (Figure 43), which resulted in more tagged
individuals available for recapture that year. The absence of any mark-recapture in
2003 can be partially attributed to the fact that these catches only represent efforts
between January and July. It could also be attributed to the chance that the N.
brevirostris sampled represented a disproportionately untagged number within the

site-attached population (Chapman et al., 2009).

Of the four species that provided mark-recaptures in the 1992 — 2003 campaign, N.
brevirostris showed considerably the highest rate at 12%, supporting the evidence
provided by Chapman et al. (2009) that they displayed a high level of site-attachment
to the waters of the Bimini Islands. This is also similar to the 10% proportion
recorded in the 1980s. Levels would be expected to be higher due to the absence of
scientific sacrifices. However it was generally larger individuals that were sacrificed
in the 1980s and these mortalities may be accompanied by natural mortalities and the
departure of maturing individuals over the longer time period (Sundstrom et al.,
2001). Curiously, G. cirratum mark-recapture declined from 12% between 1982 —
1989, to just 2% between 1992 - 2003. This could be partly due to the nature of the
G. cirratum feeding behaviour that lead to considerable external tag losses (Motta et
al., 2002). The low incidences of C. limbatus and G. cuvier recapture strengthens the
theory that these comprise the more nomadic species that make up significant
proportions of the community structure (Figure 44).

2.44.8. Temporal Pre-Caudal Length (PCL) variation of N. brevirostris

The relatively stable, compared to the 1980s campaign, mean N. brevirostris PCL
throughout the 1992 — 2003 research campaign (Figure 45) reflects the proportionally
large catch rates (Figure 34). The relatively high N. brevirostris PCL in 1992 was

only representative of one relatively large shark (No. = 1). No N. brevirostris were
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captured on the longlines in 1993; therefore, there were no records for this year. The
apparent decline in mean PCL, from 1994 to 1997 suggests an influx of smaller sub-
adults, maturing from the various nursery areas, into the lagoon population. The
steady increase in mean PCL between 2001 and 2003 can be attributed to the
dredging activity that took place between 1999 and 2001. The dredging resulted in a
documented decline in juvenile survival rates for the period (Jennings et al., 2007),
which would have reduced the amount of juveniles maturing into the lagoon
population. At the same time the group, whose influx caused the decline between
1994 and 1995, would have been closely approaching maturity, resulting in increased
predation risk to individuals at the smaller end of the population size distribution
(Webster, 2004). Increased predation risk, in addition to reduced juvenile survival
rates, caused by the development activity, would have magnified the increase in
mean PLC. This reversal at both ends of the size classes would have caused the

increase in mean PCL.

Relative to the data from the 1980s campaign (Figure 23) mean PCL was most
similar to the more stable seasonal catches. This is logical as the non-summer
catches in the 1980s data caused the variations; and the 1992 — 2003 efforts were
more evenly distributed over each year, resulting in little to no seasonal influence
over catches. During the 1992 — 2003 research campaign the lagoon N. brevirostris
population was dominated by young sub-adults (52%), while juveniles comprised
5%, old sub-adults 29% and adults 13%. The proportional increase of both size
classes of sub-adults, relative to the proportions in the 1980s (see section 3.3.9),
reflects the increase in N. brevirostris CPUE throughout the research period. Size
class figures also support the theory that the ecosystem had approached carrying
capacity, as both sizes classes of sub-adult display higher site-attachment than the
adults (Sundstrom et al., 2001, Gruber et al., 1988, Chapman et al., 2009), which
have proportionally decreased relative to the sub-adults.

2.44.9. National Marine Fisheries Service (NMFS) landing records

The significant negative correlation between NMFS landing records and Bimini N.
brevirostris CPUE records (Figure 46) provides strong evidence for a single north-

western Atlantic N. brevirostris stock, as suggested from the results of the past
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genetics studies conducted by Feldheim et al. (Feldheim et al., 2001a). Thus U.S.
east coast and Gulf landings of Large Coastal Sharks (LCS) can directly affect the
later life-stages of N. brevirostris that are directly linked to the Bimini population.
The impact from the U.S. east coast and Gulf landings would have the most direct
influence on the adults, and to a lesser extent, a proportion of the larger sub-adults.
Indirectly, the effect would have come from a reduction in the mature breeding
population that provided the population with juvenile N. brevirostris at the base
level, resultantly supplying the lagoon population by recruitment. This also suggests
that it was not only catch related mortality that restricted N. brevirostris population
growth during the 1980s, but more likely a combination of catch related mortality
and the U.S. east coast and Gulf fisheries. The decrease in U.S. fisheries landings
could have also combined with increased juvenile mortality (Jennings et al., 2007), to

result in the increase in mean PCL towards the end of the research period.
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2.4.5. Conclusions

The apparent lack of stability of N. brevirostris CPUE through the 1980s research
campaign can be most strongly attributed to the sacrificial nature of many of the
research projects. Despite the identified effect upon the disruption of a temporal
population pattern, it is unlikely that at the recorded levels N. brevirostris catch
related mortalities would have had a substantial impact upon population abundance.
Throughout the 1992 - 2003 research campaign, the absence of sacrificial research
techniques, and the subsequent low N. brevirostris catch related mortality, allowed a
stable pattern in CPUE to emerge. The 1992 — 2003 period saw a steady increase in
N. brevirostris CPUE, which appeared to level off as the ecosystem reached carrying
capacity at the top trophic level. This suggests that with the absence of direct
anthropogenic influences N. brevirostris abundance will be stable at carrying
capacity within the ecosystem. Disruption during the 1992 — 2003 period came
directly from the Bimini Bay Development activities, with multiple negative impacts
identified. Therefore it appears that the Bimini Bay Development has not only
caused the identified reduction in primary nursery bound juvenile N. brevirostris
survival rates, but also direct disruption to the secondary lagoon sub-adult and adult

breeding N. brevirostris population dynamics.

Community structure between the 1980s and 1992 — 2003 also showed an increase in
the relative abundance of N. brevirostris within the total multispecies shark
population. All four dominant species within the community structure, N.
brevirostris, C. limbatus, G. cirratum and G. cuvier, catch proportions’ increased
from the 1982 - 1989 to the 1992 — 2003 research periods. Therefore the
interspecies relationships identified, positive between N. brevirostris and G. cirratum
and negative between N. brevirostris and G. cuvier, should not have
disproportionately influenced the increase of N. brevirostris proportion within the
community structure. The high proportion of N. brevirostris within the community
structure of the 1980s highlights its importance as a top predator in the Bimini
marine ecosystem. Importance was reinforced when the N. brevirostris were
uninfluenced by catch related mortality, in the 1992 — 2003 period, their abundance

increased relative to the other species.
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Temporal changes in mean PCL in the 1980s showed an alarming decrease toward
the end of the period, most logically the result of scientific sacrifices of larger
individuals. The mean PCL decrease also suggested a high level of recruitment from
the juvenile population at the time, from the then undisturbed nursery areas. The
strong recruitment continued through the beginning of the 1992 — 2003 research
period, until it became disrupted by the Bimini Bay Development activities in the
late 1990s. Increasing mean PCL would result in increasing predation risk for
individuals at the lower end of the population size classes, in addition to decreased
recruitment potential from the reduction in survival rates at the juvenile life-stage.
Therefore, at the end of the 1992 — 2003 period the N. brevirostris lagoon population,
as the result of decreased recruitment potential and increased predation risk, would
have been positioned to most likely suffer a population decline over the coming
years. Thus the documented negative impacts of the Bimini Bay Development, at the
juvenile level, will over time, further negatively impact the entire local M.

brevirostris population dynamics.

With the absence of any major anthropogenic influences, both from scientific
sacrifices and resort development through the majority of the 1992 — 2003 period, it
was possible to identify a significant negative relationship between U.S. east coast
and Gulf fisheries LCS landings and Bimini longline N. brevirostris CPUE. This
identified negative relationship, was in support of previously published genetic
evidence suggesting a single unit stock for the north-western Atlantic N. brevirostris
distribution (Feldheim et al., 2001a). Therefore, it is possible that the N. brevirostris
population of Bimini, or N. brevirostris populations of similarly remote locations,
could serve as an indicator of the broader distributed U.S. east coast N. brevirostris

population status.
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3. Recent longline catches
(2003 - 2008)
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3.1. Chapter Introduction

In the early 2000s at the start of the research campaign, N. brevirostris Catch Per
Unit Effort (CPUE) was at the highest recorded levels since research began in 1982.
N. brevirostris CPUE reached its highest annual level in 2000, suggesting that the N.
brevirostris population had reached carrying capacity for the ecosystem. This
appeared to be partly in response to no direct anthropogenic influences throughout
the majority of the 1992 - 2003 campaign. Research related sacrifices of N.
brevirostris, from 1992 — 2003, were no longer in effect and in addition to increased
longline check regularity, catch related mortalities were very low. Scientific
approaches that required no N. brevirostris sacrifices were again adopted through the
new 2003 — 2008 research campaign, resulting in minimal research impacts on local
N. brevirostris abundance. As was the case throughout the 1980s and subsequent
1992 - 2003 campaign (Lutz et al., 2002), artisanal and recreational fishing activities
remained relatively constant and minimal throughout the 2003 — 2008 research
campaign (personal observations 2002 - 2008). Therefore local fisheries impacts
were not considered as an external factor influencing the N. brevirostris population

dynamics.

The Bimini Bay Development activities remained in operation throughout the 2003 —
2008 research campaign, with effects already documented following the initiation of
the development in 1997 (Gruber, 2002) in the results of the 1992 — 2003 research
campaign. The Bimini Bay Development activities remained as the most
considerable local anthropogenic influence that may have affected the N. brevirostris
population throughout the 2003 - 2008 research campaign. Most notable activities
were substantial dredging of the eastern lagoon sub-tidal areas and the continued
removal of the North Sound N. brevirostris nursery’s fringing mangrove populations
(Jennings et al., 2007). The Bimini Bay Development activities were found to have
resulted in a reduction of nursery bound N. brevirostris survival rates, in addition to a
reduction in the extent of seagrass beds, in a study where field research was
concluded in 2005 (Jennings et al., 2007). It is most likely that continuing
development activities resulted in a continued repression of juvenile N. brevirostris

survival rates throughout the 2003 — 2008 research campaign.
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It is the ontogenetic shift of N. brevirostris individuals from the island nursery areas
that provided recruitment at the base level of the lagoon Bimini N. brevirostris
population (Sundstrom et al., 2001, Feldheim et al., 2002a, Chapman et al., 2009).
Therefore the identified reductions in survival rates at juvenile level would have
resulted in a reduction in the recruitment potential for the lagoon Bimini N.
brevirostris population. Of greatest concern was the scale of the development plans
for the Bimini Bay Resort (Appendix 2; Puentes, 2004). These included full
development of the terrestrial and near-shore sub-tidal areas surrounding the North
Sound M. brevirostris nursery. Planned development includes land use such as a
casino, condos and most worryingly a nine-hole golf course (Gruber, 2002). The
development plans would involve the complete removal of all nursery fringing
mangroves, land reclamation and continued dredging in both the N. brevirostris
nurseries and east lagoon. The scale of the plans facilitated continued development,
both terrestrial and sub-tidal throughout the 2003 - 2008 research campaign
(personal observations 2003 — 2008).

From a research perspective, the 2003 — 2008 campaign overlapped annually with the
1992 — 2003 campaign. Following discussions with Dr. Gruber, the director of the
Bimini Biological Field Station (BBFS), during the annual juvenile N. brevirostris
population census in June 2003, a new longlining regime was agreed. For the first
time in Bimini, as the result of the initiation of this study, the longlining activities
would serve not as a tool for obtaining specimens for other studies/activities (e.g.
Brown and Gruber, 1988, Sundstrom and Gruber, 2002, Sundstrom and Gruber,
1998, Chapman et al., 2009, Gruber et al., 1988, Nixon and Gruber, 1988, Wetherbee
et al,, 1990), but a focused research campaign. It was thus possible to design a
structured effort schedule that would not only allow for general annual population
analysis, but in addition more seasonal variations to be revealed. Research focused
directly on the longlining activity also resulted in greater financial investment and
thus the employment of additional scientific equipment to investigate more of the
previously assumed variables. Also for the first time, the database would be
managed carefully from start to finish, resulting in the greatest level of data

confidence for all three of the research periods.
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With the addition of the final research period, 2003 — 2008, it was then possible to
address each research period individually, but also consider and analyse the entire 26
year long research period from 1982 — 2008 as a single temporal unit. The specific
aims of the chapter were to a) assess the shark population dynamics, for both this
period and the entire 26 year research campaign from 1982 - 2008, with specific
focus upon Negaprion brevirostris, for temporal patterns in CPUE, catch
proportions, catch related mortality, mark-recapture, mean Pre-Caudal Length (PCL)
and size class proportions; and b) to assess the effects of external driving variables,
including temperature, inter/intra-species relationships, and anthropogenic
influences, with specific focus on the Bimini Bay Development, that dictated the
local shark population dynamics. The aims were achieved by statistical analysis of
both the 2003 — 2008 data set and the combined 1982 - 2008 Bimini longline
database; the explanation of identified patterns and relationships using existing
species life-history information; the incorporation of influencing historical
information, both anthropogenic and environmental, including the peer reviewed

literature on the environmental impact of the Bimini Bay Development.

104



Steven Kessel Ph.D Thesis

3.2. Methodologies

3.2.1. Longline regime design

In order to achieve a seasonally representative dataset it was decided that two 24
hour longline sets would be conducted each month. Sets were conducted on the 7%
and 22™ of each month, or as close to those dates as conditions permitted. In
keeping with the previous research campaign, lines were set in the afternoon then
hauled the following afternoon, 24 hours after the set, and checks were conducted
every four hours. Twice monthly sets were executed from July 2003 - September
2008, weather conditions permitting. As the result of prolonged periods of bad
weather and hurricane related field station evacuations, two sets each month were not
always possible, therefore, and also to make this data set comparable to those from
the previous research campaigns, it was again necessary to convert all catches into
CPUE for analysis.

3.2.2. Alterations to longline sets

Longlines were set in accordance to the methodology described in sections 2.3.2.2
and 2.4.2.1 from July 2003 — September 2005. From September 2005 onwards, the
following additions were made. Temperature profiling iButtons® were deployed on
the first, last and centre floats of each line for the duration of the set, with water entry
time recorded. Hook timers were added as a link between the main line and
gangions. When a shark took the bait and pulled the gangion at in excess of 10 Ibs of
pressure, a magnetic switch would be released starting a digital counting unit that
recorded time in hours and minutes, as employed by Rice et al. (2007). Longlines
were set from GPS start and end points to standardise set locations between sets. Set
times and GPS locations were taken for each gangion as it entered the water and the
details of the bait type for each hook were also recorded. On hauling the longlines,
for each gangion, time out of water, bait presence/absence and any comments
relative to condition such as damage was recorded. Whether or not each hook timer
was triggered, and if triggered the time displayed on the unit, was recorded. Time

out of water for each iButton® was recorded.
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3.2.3. Alterations to shark processing

Sharks were processed in accordance to the methodology described in section 2.3.2.3
and 2.4.2.2, with the following additions. On first encounter with the shark, the time
displayed on the hook timer was recorded along with the current time. The line code
and hook number that the shark was captured on was recorded. The hooking
location, for example left or right comer of jaw or, in the event of a foul hooked
shark the location of the foul hooking, and whether or not the shark was bleeding
from the hook wound were recorded. Finally, for males, the in-seam and out-seam of
the right clasper were measured, and the calcification status of the clasper was

recorded as an indicator of maturity.

3.2.4. Analytical methodologies

3.24.1. Unit Effort (UE)

UE, and subsequent Catch Per Unit Effort (CPUE) were devised as described in
section 2.3.2.5.1. Effort was grouped annually for temporal analysis by year and by
month for seasonal analysis. For any incidences where analysis was conducted on
the entire 26 year database a single temporal plot, UE and catch records were
combined for 2003 to allow for a combined annual CPUE for that year.

3.24.2. Assumptions

Sections 2.3.2.5.2 and 2.4.2.4.2 detail a number of variables assumed not to influence
the results of the 1980s and 1992 — 2003 catch data. For the 2003 - 2008 catch data,
the majority of these assumptions over variables remained the same. However the
initiation of a structured and focussed longline based study allowed for the influence
of some further variables (Ward, 2008, Stoner, 2004) to be investigated. These
variables are re-listed below, with explanations only provided where they differ from

those of the previous datasets:

A. Encounterability;
B. Fishing location;
C. Fishing-master experience;
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D. Bait loss;
Gear saturation;

=

F. Detection of gear — it is possible that, for the more resident N. brevirostris
and G. cirratum, repeated exposure, and increased set regularity, may have

further increased the possibility of gear detection through learned association

(Guttridge et al., 2009b);
G. Hunger;
H. Bite-off;
L Activity;
J. Environmental factors;
K. Operation time — operation time was standard throughout, at 24 hours per set

with no back to back efforts, thus removing the potential for influence over
catch rates;

L. Competition among gears — during the 2003 — 2008 campaign, all gear
based research activities were halted during longline sets, thus removing the

potential for influence over catch rates;

=

. Hook type — hook type remained constant throughout the research period;

N. Bait type - the effects of bait type on catch rates are investigated in section
3.3.2;

O. Diel - the effects of time of day on catch rates are investigated in section

3.3.3;

It is assumed for the subsequent results and analysis that variables A to I had no
effect upon the catch records included in the dataset. Variables J to M were
accounted for in the experimental design of this research period and the effects of N
and O were investigated prior to any further population analysis. In a given section
should a variable be accounted for, or additional variables assumed to have no

further effect, this will be stated at the beginning of the analytical methodology.

3.2.4.3. Bait variation

As within previous campaigns, it was not always possible to use the same bait type
(teleosts species) or bait section (head, steak or tail). With the initiation of the new

longline setting and shark processing, data was available for both number of each
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bait type/section used throughout, and the bait details that each shark were captured
on. This was achieved by comparing the longline and hook number to the bait
setting records. CPUE was calculated for each bait type and section. Chi’ analysis
was then conducted for each variable to assess whether or not bait type or section had
any significant influence over CPUE, and therefore whether or not catches from

different bait types/sections could be considered as a single dataset.

3.244. Capture and soak times

The addition of hook timers to the longline gear setup allowed for exact capture
times to be calculated (Rice et al., 2007). When each shark was first encountered,
the hook time was recorded along with the current time. By subtracting the hook
time from the current time, the exact time the shark became captured was calculated.
For capture times relative to hours of the day, shark catches were separated into six 4
h time periods. As effort was equal between time periods, it was not necessary to
convert shark numbers into CPUE. The time periods were 16:31 - 20:30, 20:31 -
00:30, 00:31 — 04:30, 04:31 - 08:30, 08:31 — 12:30 and 12:31 - 16:30. Time period
were arranged so that the first time period corresponded to the first period following
the longline sets. 4 h periods were utilised so as to contain the entire annual time
variation in crepuscular periods with dusk in 16:31 — 20:30 and dawn in 04:31 -
08:30. Soak times were calculated by subtracting the exact time the hook each shark
was captured on entered the water from the devised exact shark capture times.
Catches where then grouped into 2 h soak periods. Results for both capture and soak

times were plotted and analysed for patterns.

3.2.4.5. Seasonal Catch Per Unit Effort (CPUE) variation

Catches and UE were grouped by month rather than year, and then CPUE was
recalculated. Mean N. brevirostris Pre-Caudal Lengths (PCL) and size class
proportions were calculated by month. Monthly mean water temperature was
calculated by grouping the iButton temperature profiler results by month, which were
then compared to CPUE. Spearman’s rank correlation was used to test the
relationship between total shark CPUE, and individually by species, with mean
monthly temperature and then compared to CPUE.
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3.2.4.6. Catch proportions

The same methodology described in section 2.3.2.5.4, was used. Proportions were
then displayed by species relative to the proportions from the two previous
campaigns, and analyses for temporal change. Results were descriptive and no
statistical tests were conducted as the results between periods were based on a
dissimilar amount and distribution of unit effort and therefore were not statistically

comparable.

3.24.7.  Catch Per Unit Effort (CPUE)

Datasets from all three research periods were combined into one continuous 27 year
long dataset, spanning from 1982 — 2008. Results were then plotted and examined
for temporal patterns. For N. brevirostris, three distinct temporal patterns were
observed, the first from 1982 — 1989, the second from 1992 - 2000 and the third
from 2000 — 2008. The combined results were then considered as three separate
datasets, based on these temporal pattern separations, and Spearman rank
correlations between CPUE and research year were conducted to test for significance
across each. From 2005 - 2008, data for specific longline capture relative to latitude
were available for each recorded shark. It was thus possible to separate catches by
longline latitude and analyse for latitudinal influence over CPUE, with a Spearman’s

rank correlation test between latitude and CPUE.

3.2.4.8. Catch related mortality
The same methodology, as described in section 2.3.2.5.6, was used. With the

absence of scientific sacrifices, all mortalities were the direct result of capture on the

longlines.

3.2.4.9. Mark-recapture and N. brevirostris population estimates

For mark-recapture analysis, the same methodology, as described in section

2.3.2.5.7, was used. Due to the low number of year-on-year mark-recaptures, it was
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not possible to employ the standard Lincoln-Petersen method for annual N.
brevirostris population estimates across the 1982 — 2008 research campaign. By
considering larger temporal periods as single mark-recapture efforts, it was possible
to obtain more realistic estimates using the Lincoln-Petersen method. However to
account for the grouping of multiple efforts, it was necessary to alter the model
relative to the temporal efforts. Thus the adapted Lincoln-Petersen model utilised

was as follows:-

Where N = estimate of mean population size for any given year within the research
period, M = total number of N. brevirostris marked, C = total number of N.
brevirostris captured, R = number of N. brevirostris recaptured, and Y = number of
years longlining effort took place within the research period. Estimates were made
for three progressively longer periods, 1982 — 1989, 1982 — 1999 and 1982 — 2008.

3.2.4.10. Temporal Pre-Caudal Length (PCL) and size class variation of N.

brevirostris

For PCL analysis, the same methodology, as described in section 2.3.2.5.8, was used.
In addition, datasets from all three research period were combined into one
continuous 27 year long dataset, spanning from 1982 — 2008. Results were then
plotted and examined for temporal patterns. Spearman’s rank correlation was
conducted between mean N. brevirostris PCL and year from 1994 — 2000, with the
removal of the high recruitment year in 1997, to test for significance. Mean N.
brevirostris PCL from 2000 — 2008 showed a distinct pattern of peaks and troughs,
with trough values representing years of high recruitment. The trough values from
1997, 2001, 2004 and 2007 were isolated and a Spearman’s rank correlation was
conducted between mean N. brevirostris PCL and year to test for temporal
significance. For N. brevirostris size class proportions, datasets from all three
research periods were combined into one continuous 27 year long dataset, spanning
from 1982 — 2008. Results were then plotted and examined for temporal patterns and

connections to temporal variations in mean N. brevirostris PCL.
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3.24.11. National Marine Fisheries Service (NMFS) landing records

Unfortunately no NMFS landing records were available for this period, so no

comparison to the Bimini longline catch records could be made.
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3.3. Results

33.1. Unit Effort (UE)

UE was relatively consistent throughout the 2003 - 2008 research campaign (Figure
47), with the exceptions of 2003 and 2008, which represented years where effort was
not conducted in every month. UE ranged from 675 in 2003 to 1500 in 2007 (mean
= 1250 +126.5 s.e.).
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Figure 47. Unit Effort (UE) by year from July 2003 - September 2008

33.2. Bait variation

For total sharks caught no significant effect of bait type (x2=7.15, d.f. =8, P > 0.05)
or bait section (Y2=4.28, d.f. =4, P> 0.05) on CPUE was found. For N. brevirostris
caught no significant effect of bait type (x2 = 6.63, d.f. = 8, P > 0.05) or bait section
X2=0.211, d.f. =4, P> 0.05) on CPUE was found.

33.3. Capture and soak times

For Total sharks (i.e. all species captured), catches were highest for the first time
period (74 sharks), including the dusk period, and second highest for the second time
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period (71 sharks) leading up to midnight (Figure 28). Catches were considerably
lower, following the high rates in the first two time periods, decreasing across the
subsequent three with a slight increase in the final time period. Catches ranged

between periods from 12-74 sharks (mean = 38 + 10.99 s.e.) per time period.

16:31- 20:31- 00:31- 04:31- 08:31- 12:31-
20:30 00:30 04:30 08:30 12:30 16:30

Hours ofthe day

Figure 48. Number of sharks captured by time of day period between September 2005 and
September 2008

Captures were greatest from 0 - 8 h soak time (Figure 49). Following the first eight
hour period of high catches, catch rates decline between 8 - 14 h, then remained
stable thereafter. Catch rates between soak time periods range from four to 36 sharks
(mean = 15 £ 3.2 s.e.). N. brevirostris catches were highest for the second time
period (9 individuals) leading up to midnight (Figure50). N. brevirostris catches
were generally low for the other time periods with an absence of catches in the 08:31
- 12:30 time period. N. brevirostris catch rates were second highest in the final time
period (5 individuals). N. brevirostris catches ranged between periods from 0 -9

individuals (mean =3 £+ 1.4 s.e.).
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Figure 49. Number of sharks captured by bait soak time period between September 2005 and
September 2008

10
9
8
8 7
6
8 5
4
O 3
2
1
O
16:31 - 20:31 - 00:31- 04:31 - 08:31 - 12:31-
20:30 00:30 04:30 08:30 12:30 16:30

Hours ofthe day

Figure 50. Number of N. brevirostris captured by time of day period between September 2005
and September 2008

N. brevirostris captures were recorded in only half of the bait soak time periods
(Figure 51). N. brevirostris captures were absent for the first four hours, then highest

from 4 - 6 h (6 individuals). N. brevirostris capture were also absent between 12 -
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18 h soak time and again from 22 - 26 h. N. brevirostris catches ranged between

soak time periods from 0 -6 individuals (mean = 1.2 £ 0.5 s.e.).

Hours

Figure 51. Number of N. brevirostris captured by bait soak time period between September 2005
and September 2008

C. limbatus catches were highest for the first time period (23 individuals), including
the dusk hours, and declined steadily thereafter (Figure 52). C. limbatus catches
were absent for the final time period. C [limbatus catches ranged between periods

from 0-23 individuals (mean = 11 + 3.8 s.e.).
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Figure 52. Number of C. limbatus captured by time period between September 2005 and
September 2008

C. limbatus captures showed a very steady decline across time periods, high for the

first 8 h of soak time, followed by a decline over the next 10 h (Figure 53). C.

limbatus captures were absent between 20 - 24 h. C [limbatus catches varied

between soak time periods, ranging from 0- 13 individuals (mean = 4.8 + 1.3 s.e.).
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Figure 53. Number of C. limbatus captured by bait soak time period between September 2005
and September 2008
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G. cirratum catches showed a decline then increase across time periods, were highest
for the first time period (31 individuals), including the dusk hours, then declined
steadily to the lowest value (1 individual) in the fourth time period (mean = 10.8 +
4.6 s.e.; Figure 54). Following the low G. cirratum catches increased over the last

two time periods.
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Figure 54. Number of G. cirratum captured by time period between September 2005 and
September 2008

G. cirratum captures also showed a decline then increase across time periods, were
highest in the first two bait soak hours (16 individuals; mean = 4.6 +1.2 s.e.), which
was followed by a decline over the next 10 h (Figure 55). G. cirratum captures were
absent between 12 - 14 h then increased over the next 8 h and remained constant at 4

each two hour period for the last four hours.
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Figure 55. Number of G. cirratum captured by bait soak time period between September 2005
and September 2008

G. cuvier catches were relatively high for the first two time periods, including the
dusk hours (Figure 56). G cuvier catches were relatively low thereafter with the
highest value (11 individuals) of the last four time periods recorded between 04:31 -
08:30, including the dawn hours. G. cuvier catches ranged between time periods

from 5-23 individuals (mean = 12.7 + 2.8 s.¢.).
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Figure 56. Number of G. cuvier captured by time period between September 2005 and
September 2008
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G. cuvier captures were second highest in the first 2 h of bait soak time (19
individuals) and highest (14 individuals) between 4 - 6 h soak time (Figure 57). G.
cuvier captures then declined over the next six hours and remained relatively low
thereafter, except for an increase between 14 - 16 h soak time, coinciding with the
dawn period. G cuvier catches ranged between soak time periods from 2-14

individuals (mean =4.7 £0.9 s.e.).
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Figure 57. Number of G. cuvier captured by bait soak time period between September 2005 and
September 2008

33.4. Seasonal Catch Per Unit Effort (CPUE) variation

Total CPUE for all species showed highest catches in the summer months when
mean water temperatures were highest (Figure 58). The highest seasonal total CPUE
was for the month of June (0.12) and the lowest for the month of February (0.02;
mean = 0.07 £ 0.008 s.e.). Total CPUE showed a highly significant correlation with
mean monthly water temperature (r = 0.875, n= 12, P <0.01; Figure 59).
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Figure 58. Seasonal shark CPUE and mean temperature from July 2003 to September 2006
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Figure 59. Total monthly CPUE vs mean temperature from July 2003 to September 2008

N. brevirostris CPUE showed a seasonal pattern, with the highest levels recorded in
summer months (Figure 60). The highest seasonal N. brevirostris CPUE was, like
total CPUE, for the month of June (0.018) and N. brevirostris were completely
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absent in the catch records for the month of February (mean = 0.008 £ 0.002 s.e.). N.
brevirostris CPUE showed a significant correlation with mean monthly water
temperature (r = 0.731, n= 12, P <0.05; Figure 61).
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Figure 60. Seasonal N. brevirostris CPUE and mean temperature from July 2003 to September 2006
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Figure 61. N. brevirostris monthly CPUE vs mean temperature from July 2003 to September 2008
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N. brevirostris mean PCL varied between months (Figure 62). For months with
multiple catches mean N. brevirostris PCL was highest for May (152.75 cm) with the
presence of mature females for parturition (Figure 63), and lowest (122.45 cm) for
the month of July (mean = 137.26 + 3.64 cm s.e.). There was a reduction in mean N.
brevirostris PCL from May to June, sustained into July, followed by alternate high
and low values for subsequent months, with the bimonthly presence of mature

individuals (Figure 62).
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Figure 62. N. brevirostris monthly CPUE and mean PCL from July 2003 to September 2008

N. brevirostris life-stage proportions varied between months (Figure 62), with no
juveniles sampled throughout the 2003 - 2008 research campaign. The highest value
of young sub-adults was for June (0.01), old sub-adults was for July (0.006) and
matures for May (0.005). Only old sub-adults were recorded for the months of
March and December. No young sub-adults were recorded in the months of
February, March and December. No old sub-adults were recorded in the months of
February, May and October. No matures were recorded in the months February,

March, July, September, November and December.
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Figure 63. N. brevirostris life-stage proportion of total CPUE from July 2003 to September 2008;

young sub-adult = 81 - 124 cm, old sub-adult = 125 - 166 cm, mature = 166+ cm

G. cirratum CPUE showed a seasonal pattern, with the highest CPUE levels recorded
in summer months (Figure 64). The highest seasonal G. cirratum CPUE was, again
like total CPUE, for the month of June (0.05) and lowest for the month of February
(0.004; mean = 0.02 £ 0.004 s.e.). G. cirratum CPUE showed the most significant
correlation of all species with mean monthly water temperature (r - 0.865, n= 12, P

< 0.05; Figure 65).
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Figure 64. Seasonal G. cirratum CPUE and mean temperature from July 2003 to September 2006
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Figure 65. G. cirratum monthly CPUE vs mean temperature from July 2003 to September 2008

C. limbatus CPUE showed a seasonal pattern, with the highest levels offset from the
summer months towards the end of the year (Figure 66). The highest seasonal C.
limbatus CPUE was for the month of September (0.05), with mature females
regularly noted to have had fresh mating scars at this time of year, and lowest for the
month of February (0.006; mean - 0.02 + 0.004 s.e.). C. limbatus CPUE showed no
significant correlation with mean monthly water temperature (r = 0.512, n= 12, P >

0.05).
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Figure 66. Seasonal C. /imbatus CPUE and mean temperature from July 2003 to September 2006
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G. cuvier CPUE showed no seasonal pattern, with CPUE levels apparently randomly
distributed throughout the year (Figure 67). The highest G. cuvier CPUE was for
the month of May (0.03) and lowest for the month of February (0.007; mean = 0.02 +
0.002 s.e.). G. cuvier CPUE showed no significant correlation with mean monthly

water temperature (r = 0.1, n= 12, P > 0.05).
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Figure 67. Seasonal G. cuvier CPUE and mean temperature from July 2003 to September 2006

33.5. Catch proportions

Catch proportions of N. brevirostris compared to total catch were generally low
between 2003 - 2008 (Figure 68). N. brevirostris proportions in 2003 were 7%, and
the following year in 2004 proportions were highest at 17%. In subsequent years,
between 2005 - 2008, proportions alternated between 9% and 7%. Overall

proportions ranged from 7-9% (mean =9.4 + 1.6% s.c.).
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Figure 68. N. brevirostris proportion of total shark catch, by year between July 2003 -
September 2008
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Figure 69. Species proportion of total shark catch by research campaign
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N. brevirostris catch proportions were 21% between 1982 — 1989, increased to 36%
between 1992 — 2003 and then decreased to 10% between 2003 — 2008 (mean = 22.3
+7.5% s.e.). C. limbatus proportions increased with each new campaign from 5% to
13% to 28% (mean = 15.3 £ 6.7% s.e.). G. cirratum proportions also increased with
each new campaign from 14% to 19% to 30% (mean = 21 * 4.7% s.e.). G. cuvier
proportions remained relatively stable between the three research campaigns, varying
from 22% to 30% to 27% (mean = 26.3 £ 2.3% s.e.).

3.3.6. Catch Per Unit Effort (CPUE)

When N. brevirostris CPUE from all three research periods, 1982 — 2003, was
plotted as a single temporal representation, some temporal patterns became apparent
(Figure 70). CPUE from 1982 - 1989 showed no temporal pattern with CPUE
between years apparently randomly distributed. Following this period of random
distribution there was a highly significant temporal increase in N. brevirostris CPUE
from 1992 —- 2000 (r = 0.8508, n = 9, P < 0.01), with the lowest value for the entire
research efforts recorded in 1993 (0) and the highest in 2000 (0.026; mean = 0.014 +
0.0015 s.e.). The highly significant linear increase from 1992 — 2000 and peak in
CPUE in 2000 was directly followed by a highly significant linear decrease in N.
brevirostris CPUE from 2000 - 2008 (r =-0.9237, n =9, P < 0.001).

When Total CPUE for all sharks from all three research periods, 1984 — 2003, was
plotted as a single temporal representation, two distinct periods became apparent
(Figure 71). Points appear to be randomly distributed from 1984 — 1993, then a
significant linear increase occurred from 1995 — 2008 (r = 0.6668, n = 14, P < 0.05).

N. brevirostris CPUE relative to latitude showed a distinct increasing south to north
pattern. When CPUE was plotted relative to longline latitude, a significant increase
in CPUE with increasing latitude was found (r = 0.872, n = 6, P < 0.05; Figure 72).
Total CPUE relative to latitude shows higher values at the upper and lower latitudes,
reducing towards the mid-latitudes of the target area (Figure 73).
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Figure 70. N. brevirostris CPUE by year from 1982 - 2008
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Figure 71. Total shark CPUE by year from 1982 - 2008
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Figure 72. N. brevirostris CPUE by longline latitude, from south to north Wildcard South (1),
Longline A (2), Longline B (3), Longline C (4), Longline D (5§) and Wildcard North (6)
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Figure 73. Total shark CPUE by longline latitude, from south to north Wildcard South (1),
Longline A (2), Longline B (3), Longline C (4), Longline D (5) and Wildcard North (6)
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3.3.7. Catch related mortality

During the 2003 - 2008 research campaign, N. brevirostris catch related mortalities
only occurred in 2004 and 2007 (Figure 74). In 2004 4% of all N. brevirostris were
recorded as catch related mortality, representing only one of 23 individuals. In 2007
18% of all N. brevirostris were recorded as catch related mortalities, but once again

this was a low number representing only 2 of 11 individuals.

m Total N. brevirostris
Number Killed
m Proportion Killed

2003 2004 2005 2006 2007 2008

Year

Figure 74. N. brevirostris longline catch related mortality from 2003 - 2008

Total capture related mortality for the 2003 - 2008 research campaign was generally
low for all species (Figure 75). The highest proportion of mortality was recorded for
S. mokarran (50%, n = 1). Relatively high proportions of catch related mortality
were recorded for C acronotus (25%, n = 1), C. leucas (12.5%, n = 1) and R
porosus (24%, n = 4). Catch related mortality for four most abundant species was
5% for N. brevirostris (n = 3), 17% for C. limbatus (n = 30) and no catch related

mortalities were recorded for G. cirratum and G. cuvier.
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Figure 75. Longline catch related mortality by species from 2003 - 2008

3.3.8. Mark-recapture and N. brevirostris population estimates

From 2003 - 2008 N. brevirostris mark-recaptures (n = 4) were recorded in four of
six years (Figure 76), 2003 (25%, n = 1), 2004 (4%, n = 1), 2005 (13%, n = 1) and
2007 (9%, n = 1). G cirratum was the only species that showed mark-recaptures in
every year (Figure 77), 2003 (6%, n = 1), 2004 (10%, n =4), 2005 (6%, n = 2), 2006
(6%, n = 3), 2007 (9%, n = 2) and 2008 (8%, n = 2). C. limbatus showed mark-
recaptures only in the two final years (Figure 78), 2007 (2%, n = 1) and 2008 (8%, n
=2). G cuvier showed mark-recaptures in four of the six research years (Figure 79),
2004 (3%, n = 1), 2006 (10%, n = 3), 2007 (16%, n = 6) and 2008 (3%, n = 1). Of
the other species C. leucas was the only species that showed a mark recapture, just in

the year 2005 (25%, n = 1).

The results of the adapted Lincoln-Petersen model gave three N. brevirostris mean
population estimates based on the longline captures for three progressive longer time
periods (Table 4). Overall the N. brevirostris population at the Bimini islands was

estimated to be a mean of 158 individuals (+ 33 s.e.).
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Figure 76. N. brevirostris mark-recaptures from 2003 - 2008
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Figure 77. G. cirratum mark-recaptures from 2003 - 2008
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Figure 78. C. limbatus mark-recaptures from 2003 - 2008
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Figure 79. G. cuvier mark-recaptures from 2003 - 2008
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Table 4. N. brevirostris Bimini population estimates, based on adapted Lincoln-Petersen model

Period Tagged (M) Captured (C) Recaps (R) Research Years in Period  Pop. Estimate (N)

1982-1989 97 113 7 8 224
1982-1999 204 244 27 16 115
1982-2008 331 366 37 24 136

3.3.9. Temporal Pre-Caudal Length (PCL) and size class

variation of N, brevirostris

From 2003 - 2008, mean N. brevirostris PCL (Figure 80) ranged from 123 cm in
2003 to 160 cm in 2006 (mean = 138 + 6 cm s.e.).
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Figure 80. N. brevirostris PCL variation from 2003 - 2008

Mean N. brevirostris PCL throughout the entire 27 year research period was highly
variable (Figure 81). Notable patterns included the steady decrease from 1986 -
1989; the absence of multiple (n > 1) catches, as the result of limited effort, from
1990 - 1993; the general decline from 1994 - 2001; and the repeating cycle of
troughs and peaks from 1997 - 2007.
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Figure 81. N. brevirostris PCL variation from 1982 - 2008
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With the exclusion of the high recruitment year 1997, N. brevirostris PCL showed a
highly significant decline from 1994 - 2001 (r =0.95, n = 6, P <0.01; Figure 82).
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Figure 82. Mean N. brevirostris PCL by year from 1994 - 2000, excluding 1997

For the peak and trough cycle displayed from 1997 - 2007 (Figure 83), trough values
of mean N. brevirostris PCL showed a highly significant linear increase between
cycles (r = 1.0, n = 4, P < 0.05). Size class proportions showed a high level of
variation from 1982 - 2008. Juvenile life-stage (45 - 80 cm PCL) individuals were
not represented within the N. brevirostris catch records in 17 of the 25 active
research years (Figure 84), with the highest juvenile proportion recorded in 1989
(57%; mean = 4.4 £ 2.3% s.e.). Young sub-adult life-stage (81 - 124 cm PCL)
individuals were not represented within the N. brevirostris catch records in 1986 and
1992 (Figure 85), with the highest young sub-adult proportion recorded in 2001
(89%; mean = 39.7 £ 4.5% s.e.). OId sub-adult life-stage (125 - 165 cm PCL)
individuals were not represented within the N. brevirostris catch records in 1992 and
2001 (Figure 85), with the highest old sub-adult proportion recorded in 2007 (55%;
mean = 25.5 £ 3.2% s.e.). Adult life-stage (166+ cm PCL) individuals were not
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represented within the N. brevirostris catch records in 1997 and 1999 (Figure 86),

with the highest young sub-adult proportion, for years with multiple N. brevirostris
catches recorded in 2007 (80%; mean = 27.4 + 5.0% s.e.).
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Figure 83. N. brevirostris mean PCL high recruitment year trough values from 1997 - 2007
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Figure 84. Proportion ofjuvenile life-stage (45 - 80 cm PCL) individuals within the total annual

N. brevirostris catches - nojuveniles were captured on the longlines after 2000
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Figure 85. Proportion of sub-adult life-stage individuals within the total annual N. brevirostris catches
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3.4. Discussion

3.4.1. Unit Effort (UE)

Relative to the previous research campaigns, UE was very stable throughout the 2003
— 2008 research campaign. The below average values for 2003 and 2008, relative to
the other years, were the result of the beginning of the campaign in 2003 being
initiated in July and the end of the campaign in 2008 occurring in September,
therefore both these years were subject to partial annual effort. This was again

accounted for by, where relevant, further analysis conducted on CPUE.

3.4.2. Bait variation

No significant effect of bait variation was found both for total sharks and M.
brevirostris CPUE. Therefore despite unavoidable bait inconsistencies, all catches
could be considered as a single dataset for further analysis. This also suggests that
the assumption of no significant influence from bait inconsistencies, within the
previously analysed research campaign datasets, was valid and datasets are
comparable between campaigns. Significant effects of bait variation over longline
catch rates and selectivity have previously been found for teleosts, such as ling cod
(Ophiodon elongatus) and halibut (Reinhardtius hippoglossoides; Bjordal, 1983,
Woll et al.,, 2001). However, significance was only found between teleosts and
cephalopod bait types, which are very dissimilar in scent and texture. It is likely that
in this study although species varied, all baits were similar teleosts, therefore the
greater relative similarity between bait types would in this case not have resulted in a

significant effect upon shark catch rates and selectivity.

3.4.3. Capture and soak times

It is logical that the highest number of sharks were caught between 16:31 — 20:30
(Figure 48) for two reasons. Firstly this was the period after the set meaning that the
bait was at its freshest and most available, and secondly this was the period
containing the dusk hours. Many species of sharks have been shown to display
increased activity and feeding during crepuscular periods, particularly dusk (Barry et
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al., 2008, Dawson and Starr, 2009, Heupel and Bennett, 1998, Johnson et al., 2006,
SeguraZarzosa et al., 1997, Ward et al., 2004, Morrissey and Gruber, 1993b),
therefore shark catchability would have been highest at this time. The second
highest catch rates came in the period directly following this, where effects from the
crepuscular period may have carried through and bait was still relatively fresh. The
greater fishing power of fresh bait is further supported by high catch rates recorded
in the first eight hours of bait soak time (Figure 49). Fresh bait fishes more
effectively than old bait (Ward et al., 2004) as, although sharks will scavenge, most
rely on hunting live bait for majority of their sustenance (Barry et al., 2008, Cortes
and Gruber, 1990, Ellis et al., 1996, Frazzetta, 1994, Hobson, 1963, Kubodera et al.,
2007, Lowe et al, 1996, Moss, 1972, Preti et al., 2001, Saidi et al., 2007,
SeguraZarzosa et al., 1997, Sims et al., 2006b, Vaske et al., 2009, Wilga et al., 2007),
and therefore fresh bait would have been more similar in scent to their favoured
living prey state. Fresh bait would have also created a stronger odour corridor (Ward
et al., 2004, Lokkeborg and Pina, 1997), drawing in sharks from a wider catchment
area relative to older bait towards the end of the set. Thus over the 24 hour fishing
period, the longer bait soaks for the less fishing power it has up to a point where
most of the scent has leached out and fishing power becomes somewhat even (Ward
et al,, 2004). It would appear from the results that this was around the 12 hour mark
as following this catch rates remained relatively stable. Studies focused on teleosts
found no effect of specific soak time over catch rates (Lokkeborg and Pina, 1997).
However, many shark species rely more heavily than teleosts on olfaction and the
interpretation of olfactory cues in their function of feeding (Gardiner and Atema,
2006, Kajiura et al., 2005, Lisney et al., 2007, Schluessel et al., 2008, Theiss et al.,
2009, Tester, 1963, Hodgson and Mathewson, 1978). Therefore shark catch rates at
specific soak times would be expected to be more affected by the quantity and
strength of olfactants leaching from the bait.

The increase in catches between 12:31 — 16:30 can in part be attributed to early
catches on some of the hooks that would have been set prior to 16:30, this would
reflect in the high catch rates in the first two hours of soak time. The dawn period is
contained within the 04:31 — 08:30 period. The absence of a relatively high catch
rate for this period suggests that of the two crepuscular periods, dusk has a greater
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influence over activity and feeding than dawn, although bait freshness must also be

considered.

Catch rates for N. brevirostris were surprisingly low during the 16:31 — 20:30 period
(Figure 50) and absent for the first 4 h of soak time (Figure 51). The low catches are
then followed by the highest catch rates of N. brevirostris between 20:31 — 00:30 and
at a bait soak time of 4 - 6 h. This could be a product of diel movement patterns that
would reduce encounter rates for the first period and increase them during the
second. N. brevirostris generally cover larger horizontal areas at night (Sundstrom et
al., 2001, Gruber et al., 1988), therefore the chance of longline encounter by the
lagoon N. brevirostris population is increased at night, and the chance of capture is in
turn increased (see section 4.4.2). N. brevirostris have also been shown to have
increased metabolism at night (Nixon and Gruber, 1988) therefore it is logical that N.
brevirostris catch rates would be highest in the first period of darkness hours. In past
studies, sub-adult N. brevirostris caught on bait and thus feeding in the west of the
Bimini lagoon were shown to have an east — west diel pattern to their movements,
spending the daylight hours in the east of the lagoon and darkness hours in the west
of the lagoon where they were presumably feeding (Sundstrém et al., 2001).
Therefore it is logical that the N. brevirostris captured by the longlines in the east of
the lagoon would spend daylight hours in the west of the lagoon and darkness hours
in the east of the lagoon when their metabolic requirements were increased, thus

resulting in high night time N. brevirostris catches.

From these results N. brevirostris appear not to be predominantly crepuscular
feeders, although they have been shown at the Juvenile life-stage to display increased
activity in crepuscular hours (Morrissey and Gruber, 1993b, Sundstrém et al., 2001).
Potentially, however, the increase in juvenile N. brevirostris activity in crepuscular
hours could be in response to increased predation risk from other larger sharks in the
area that are crepuscular feeders. N. brevirostris have been shown to have very good
visual systems (Cohen and Gruber, 1977, Gruber, 1977a, Gruber, 1977b, Gruber and
Cohen, 1978) and it is possible that N. brevirostris can actively avoid longline gear
based on aesthetic cues. Thus N. brevirostris catch rates would be expected to be

higher in hours of darkness when the longline gear would be harder to visually
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detect. Finally it is possible that N. brevirostris were more sensitive to behavioural
disruption caused by the setting process. N. brevirostris were studied at all life-
stages in Bimini since 1982, therefore they may, over the course of their more site-
attached life-stages have gained a negative association with vessel activity (Guttridge
et al., 2009b). As a consequence, these N. brevirostris may have avoided the
disrupted area, following the longline set, for a period of behavioural recovery
resulting in the absence of any N. brevirostris catches in the first four hours of soak

time.

Curiously, relatively high N. brevirostris catches were recorded during the 12:31 —
16:30 time period between 18 — 22 h of soak time. This could have been the product
of non-crepuscular feeding patterns coupled with diel movement pattemns (Gruber et
al., 1988) resulting in increased encounter rates during this time period, as sub-adults
N. brevirostris likely to be feeding in the east would not encounter the longlines until
their longitudinal shift after daylight hours occurred (Sundstrom et al., 2001, Nixon
and Gruber, 1988). In addition it is possible that, at 18 — 22 h soak time, the bait had
reached a stage of maturity that N. brevirostris find particularly favourable.

C. limbatus catch rates steadily decreased over the time periods (Figure 52), most
likely directly related to bait freshness. This was supported by a temporal decrease
in catch rate relative to specific bait soak time (Figure 53). The recorded decrease
was probably the result of a combination of a preference to fresh bait (Ward et al.,
2004), couple with spatial utilisation and therefore longline encounterability (Cortes
et al., 2008, Stoner, 2004, Ward, 2008). The decrease coinciding with a temporal
reduction in scent leaching to provide and odour corridor (Ward et al., 2004), would
suggest that utilisation of the target area by C. limbatus is limited under normal
behaviour, therefore an odour corridor is required to draw in C. limbatus from the

surrounding areas.

G. cirratum displayed high catches during the first time period (Figure 54) and first
two hours of soak time (Figure 55), followed by a steady decrease to the lowest catch
rates between 04:31 —08:30 at 12 — 14 h soak time, and then followed by increasing
catch rates thereafter. High initial catch rates of G. cirratum indicate that G.
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cirratum are responsive to bait scent and have been shown to rely heavily on
olfaction in their predation efforts, locating the scent source more quickly and
efficiently by klinotaxis than N. brevirostris that employ the less efficient rheotaxis
(Hodgson and Mathewson, 1978). With the decreasing scent strength of the odour
corridor over time (Ward et al., 2004), decreasing catch rates of G. cirratum were
recorded. The high catch rate recorded in the first time period could also have been
the result of crepuscular feeding that, for G. cirratum, would also appear to be
stronger at dusk relative to dawn. Following the more standard rate of scent leaching
after 12 h, G. cirratum catches were likely the result of incidental encounters (Ward,
2008, Stoner, 2004). The low catch between 04:31 — 08:30 and absence of catches
from 12 — 14 h soak time could have been the result of daily movement patterns. It is
also possible that bait at this stage of maturity was found particularly unfavourable
by G. cirratum, which then found the bait to become increasingly more favourable
with increasing maturity thereafter, accounting for the subsequent temporal increase

in catch rates.

G. cuvier catches were highest in the first two time periods (Figure 56) with a lag in
soak times the highest catches coming between 4 — 6 h after the set (Figure 57). This
suggests that G. cuvier abundance was generally lower in the target area and
captured individuals were drawn in through the odour corridor (Hodgson and
Mathewson, 1978). This is supported by very low incidences of G. cuvier sightings
in the target area when the longlines were not set (personal observations 2002 -
2008). Later catches, following the temporal reduction in odour corridor strength,
are likely the result of reduced incidences of incidental encounter. The second peak
in G. cuvier catches in the 04:31 — 08:30 time period and between 14 — 16 h soak
time coincides with dawn, suggesting that G. cuvier are predominately crepuscular
feeders.

3.4.4. Seasonal variations

Total CPUE for all shark species showed a highly significant positive correlation
with temperature (r = 0.875, n = 12, P < 0.01; Figure 58). This was logical as for

ectothermic shark’s metabolism, and therefore dietary requirements, increase with
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increasing water temperature (Miklos et al., 2003, Bernal et al., 2003, Carlson and
Parsons, 1999, Dowd et al., 2006b, Dowd et al., 2006a, Tullis and Baillie, 2005).
This resulted in a logical seasonal distribution that showed highest CPUE to be
recorded in the summer months when water temperatures were highest. It is unclear
as to why February showed the lowest CPUE of all the months. This can in part
have been attributed to the complete absence of N. brevirostris during this month
(discussed below; Figure 60). G. cirratum were also low in abundance during the
winter months (Figure 64) and showed the most significant correlation with CPUE
and water temperature (r = 865, n = 12, P < 0.01; Figure 65). The fact that both N.
brevirostris and G. cirratum both showed significant correlation between CPUE and
water temperature suggests a further cause for the positive relationship between the

two species CPUE (see section 2.3.3.3).

N. brevirostris showed a significant positive correlation with water temperature (r =
0.731, n = 12, P < 0.05; Figure 61). As with other ectothermic species, increased
water temperature raised the metabolism of N. brevirostris thus requiring an
increased food intake for survival and growth during summer months (Nixon and
Gruber, 1988). N. brevirostris CPUE was highest in the month of June (Figure 60).
This can in part have been attributed to the high water temperatures during this
month and the positive correlation between water temperature and N. brevirostris
CPUE. In addition, each year by June the nursery arecas were at their highest
seasonal capacity, following the mature parturition season in April and May
(Sundstrom et al., 2001, Feldheim et al., 2002a, Jennings et al., 2007). It is likely
that this high capacity, and therefore increased competition for prey resources, in the
primary nurseries would have acted as a trigger for individuals on the size boundary
between juvenile and young sub-adult to leave the nursery ground and join the
secondary lagoon population. This was supported by a reduction in mean PCL at this
time (Figure 62) and the highest proportion of young sub-adults recorded for all
months (Figure 63). N. brevirostris CPUE and proportions of young sub-adults
remain high while mean PCL remains low until August, which for August showed a
decrease in N. brevirostris CPUE and proportions of young sub-adults and an
increase in mean PCL. It was likely that the temporal changes over the two months

following June were the result of predation of smaller individuals and competition
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for prey resources in the secondary population, following the influx at the lower end

of the size classes.

The absence of N. brevirostris CPUE in February and low CPUE in March, in
addition to the low water temperatures, was likely the result of different causes at the
various life-stages. N. brevirostris abundance would logically have been at the
lowest annual levels as these two months (February and March) directly proceed the
parturition season (Feldheim et al., 2002a). Thus the boost in recruitment at the
young sub-adult life-stage seen the previous June would have, by February and
March, been subject to seven months of predation and natural mortality. Therefore
in February and March young sub-adult population levels would have been at their
annual low, directly prior to the new influx triggered by the parturition season from
April to June (Sundstrém et al., 2001). The reduced young sub-adult proportion
within the overall N. brevirostris abundance would have resulted in decreased
intraspecific competition for prey resources. The decrease competition, in addition
to decreased metabolic requirements with low water temperature, would have
resulted in the lowest annual catchability for old sub-adult N. brevirostris. Thus a
reduction in old sub-adult CPUE would have been expected, as can be seen by a
complete absence in February and low CPUE in March for this life-stage (Figure 63).

Finally the absence of mature N. brevirostris would have been expected as a function
of their breeding biology. N. brevirostris have a gestation period of around 13
months (Compagno, 1988, Brown and Gruber, 1988, Gruber et al., 1985). Therefore,
given that parturition occurs in April and May, mature N. brevirostris would have
been courting/mating during the months of February and March. N. brevirostris
mating has never been reported at the Bimini islands, therefore it is likely that this
behaviour takes place elsewhere, resulting in the absence of mature N. brevirostris in
the target area during February and March each year. This was supported by the
high level of mature N. brevirostris seasonal activity off the coast of Jupiter, Florida,
in what were strongly believed to be courting aggregation, annually during the
months of February and March (see section 5.1; Kessel et al., 2009a, Kessel et al.,
2008). It must also be noted that matures were also absent for the months of July,
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September, November and December, therefore their absence in February and March

may just be coincidental.

C. limbatus CPUE did not show a significant correlation with water temperature,
with the peak in seasonal CPUE offset to highest water temperatures by two months
to September (Figure 66). Temperature has been documented as a trigger driving
nursery departure for this species (Heupel, 2007), therefore temperature would also
be expected to play a role in C. limbatus feeding behaviour. It was likely that
breeding behaviour dictated C. limbatus seasonality as many cases of mature females
with fresh mating scars were recorded in the comments section of the catch data
during September. It was therefore likely that C. limbatus use the waters of, or
adjacent to, the target area as mating grounds, causing the increase in September
CPUE. C. limbatus were recorded only in a small range of life stages, with annual
PCL ranging from 80 — 137 cm (mean = 104.6 + 1.07 cm s.e.), with no neonates or
juveniles ever recorded. This suggested that C. limbatus nurseries were absent from
the island. Therefore mature female C. limbatus would have had to depart the island
waters for parturition, which could in part explain the low C. limbatus CPUE in the

earlier months of the year.

G. cuvier CPUE appear randomly distributed throughout the year and showed no
seasonal pattern (Figure 67). G. cuvier CPUE also showed an insignificant
correlation with water temperature. G. cuvier CPUE levels appeared to show a
largely random distribution, with very little similarity to the other species, bar a
seasonal low in February. With the absence of a significant relationship to water
temperature, it was likely that the general lack of smaller shark activity in and around
the target area during February failed to draw in G. cuvier. This suggested that G.
cuvier abundance was to some extent a product of predation behaviour upon other
elasmobranchs (Lowe et al., 1996). Further reasoning for G. cuvier random seasonal
abundance was the lack of an apparent parturition season, with neonates recorded in
the longline catches year round. G. cuvier were also recorded in all life stages from
neonate to mature, therefore variations in life-stage movements and feeding
behaviour (Lowe et al., 1996, Holland et al., 1999) may have inhibited any seasonal
patterns to have been apparent.
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The significant correlations between N. brevirostris and G. cirratum CPUE with
water temperature appears to have been driving the total CPUE correlation with
temperature. Thus N. brevirostris and G. cirratum CPUE contributed most towards
the total CPUE seasonal pattern.

3.4.5. Catch proportions

With the exclusion of 2004 catches, N. brevirostris proportions are relatively stable
from 2003 — 2008 (Figure 68). It was difficult to take relevance from the 2003 value
(7%) as UE does not include the seasonal parturition and recruitment period of April,
May and June when N. brevirostris was found to be seasonally highest. The
disproportionately high value for 2004 (17%) was likely the result of the first full
year of intensive twice monthly effort. This resulted in a relatively high N.
brevirostris catch, thus increasing the proportional longline capture experience
within the more resident sub-adult element (87% of N. brevirostris catch in 2004; see
section 3.3.9; Figure 63) of N. brevirostris population. It was possible for this
element that capture resulted in a negative association, either visual, olfactory due to
the relative bait consistency, or electromagnetic reception, that would have facilitated
subsequent gear avoidance (Guttridge et al., 2009b). This in turn would have
resulted in a subsequent reduction in resident N. brevirostris catchability during the
subsequent research years. This theory was supported by the results of the ‘acoustic

fishing’ in section 5.3.2.

Subsequent to the high N. brevirostris proportions in 2004, catch proportions
alternated between 7% and 9%. This would suggest that N. brevirostris proportion
variation were, from 2005 — 2008, predominately governed by activities of the
mature breeding population. Mature N. brevirostris that comprised the breeding
population at Bimini display a two year breeding cycle, with mature females
returning to the island every two years for parturition (Feldheim et al., 2002a,
Feldheim et al., 2004, Sundstrom et al., 2001). This resulted in two separate
breeding groups, with one set displaying philopatry to the island in even years and
the other set in odd years. Thus, it would appear that the group displaying philopatry
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to the island in the years 2005 and 2007 was larger than the group that returned in
2006 and 2008. The theory of the mature breeding population governing the N.
brevirostris annual catch proportions is supported by the proportions of mature
individuals in the annual N. brevirostris catch size proportions (Figure 86; section
3.3.9). The influence of the adult population also supported the theory of learned
avoidance by the resident sub-adult population, as the adult individuals have much
larger home ranges and are present in the target area only intermittently throughout
the year (section 3.3.4; Sundstrom et al., 2001). Therefore they would have been
subject to much less annual Bimini longline exposure than the sub-adults, providing
less potential for learned avoidance by the adult population. It would therefore be
logical that during this research period mature individuals would have had a greater
catchability, thus resulting in greater influence over the catch proportions between

odd and even years.

The results of the 2003 — 2008 research campaign once again found N. brevirostris
(10%), C. limbatus (28%), G. cirratum (30%) and G. cuvier (27%) to have
dominated the shark community structure in the longline target area (Figure 69). The
greatest temporal change however was in the proportion of N. brevirostris, as
proportions showed a large increase in abundance between 1982 — 1989 and 1992 -
2003, then a large decrease between 1992 — 2003 and 2003 - 2008. These changes
were the result of temporal patterns in the N. brevirostris abundance (see section
3.3.6). In contrast C. limbatus and G. cirratum showed increased abundance
between all research periods and G. cuvier abundance remained relatively stable
throughout. This suggests that C. limbatus, G. cirratum and G. cuvier were not
negatively affected by the influences that were driving the changes in N. brevirostris
abundance. In turn, this suggested that the N. brevirostris, in support of the recent
study by Cortes et al. (2008), were more sensitive and vulnerable to these external
influences than the other three species, therefore would require a greater level of

management consideration to ensure stock stability.
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3.4.6. Catch Per Unit Effort (CPUE)

The absence of a temporal pattern in N. brevirostris CPUE, throughout the 1980s
(Figure 70), was largely attributed to the research related mortality. U.S. east coast
and Gulf fisheries landings throughout the period (NOAA/NMFS, 2006) may have
influenced the N. brevirostris population, however with the more direct
anthropogenic influence of the research sacrifices that occurred it was not possible to
find a clear and significant relationship. The research sacrifices that occurred were
predominately focussed on larger individuals, with a cumulative effect throughout
the 1980s research period. This was reflected in the steady decrease in mean PCL
towards the end of the 1980s (Figure 81). Recruitment at the base level of the lagoon
population was, however, strong at the end of the 1980s (Figure 84). No
considerable local anthropogenic influences were reported in the Bimini N.
brevirostris nursery areas at the end of the 1980s, therefore it would be expected that
the juvenile nursery bound population would have been relatively healthy and high in
abundance (personal communications Gruber 2009). Therefore the supply of
maturing juvenile N. brevirostris for recruitment was not limited at this time. In
addition, the reduction in the larger individuals within the N. brevirostris population
would have resulted in a reduction in conspecific predation pressure, thus reduced
predation risk on the smaller individuals (Webster, 2004). This would not only result
in an increase in the proportion of smaller individuals within the population, but
would also have led to an increase in the home-ranges of these smaller individuals as
the result of decreased predation risk (Webster, 2004). This is reflected in the
temporal size class proportion, by juveniles comprising the majority of the N.
brevirostris longline CPUE, and highest juvenile proportions throughout the entirety
of the 27 years of research effort, at the end of the 1980s (Figure 84; section 3.3.9).

Based on the longline catches, it would appear that the N. brevirostris population at
the end of the 1980s was perfectly structured for an increase in abundances
throughout the following 1990s research period, which resulted in the highly
significant increase in N. brevirostris CPUE recorded from 1992 — 2000 (Figure 70).
Continued high levels of recruitment at the base level were coupled with reduced
predation risk, which allowed the relative large number of smaller individuals to

mature at a similar rate across the period, maintaining low predation risk for this
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group. This resulted in a progressively larger number of young and old sub-adults
available for capture on the longlines, with increasingly large home-ranges
(Morrissey and Gruber, 1993b, Sundstrom et al., 2001, Franks and Gruber, 2007)
making longline encounter increasingly more likely. In addition, the large number of
recruited individuals at the base level, at an estimated age of three years (Brown and
Gruber, 1988, Sundstrom et al., 2001), would have not matured until the age of 12
years (Sundstrdm et al., 2001, Brown and Gruber, 1988), thus the majority would
have remained resident to the lagoon area until the end of the 1990s (Sundstrém et
al., 2001, Chapman et al., 2009). Environmentally, the increase was facilitated by
low incidences of negative anthropogenic activities throughout the period. Locally
scientific related mortalities were extremely low (see section 3.3.7), and effects of
the Bimini Bay Development would have not been reflected in the juvenile N.
brevirostris population abundance until the beginning of the decade (Jennings et al.,
2007). On a broader scale, a consistent reduction throughout the 1990s in the U.S.
east coast and Gulf fisheries landing of Large Coastal Sharks (LCS; see section
2.4.3.9; NOAA/NMFS, 2006) would have resulted in decreasing mortality risk from
the mature proportion of the N. brevirostris CPUE. In combination, all the
previously stated elements would have allowed for, and even magnified, the potential
for the observed highly significant linear CPUE increase (r = 0.8508, n=9, P < 0.01)
throughout the 1990s.

In contrast to the state of the population at the beginning of the 1990s, the state of the
population in the year 2000 would have been perfectly poised for a temporal
decrease. N. brevirostris abundance was at its highest levels for the entire 27 year
research period, and due to the reduced predation risk experienced by the large
maturing group that entered the population at the beginning of the 1990s, it is likely
that the N. brevirostris population abundance was in excess of the available
resources. This could have resulted in an increase in natural mortality and
conspecific predation on smaller individuals (Webster, 2004), coupled with egress of
larger individuals away from the target area in search of resources (Chapman et al.,
2009). All of which could have contributed to the highly significant reduction in N.
brevirostris CPUE throughout the 2000s (r = 0.9237,n =9, P < 0.01).
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With reduced recruitment at the base level as the result of the effects of the Bimini
Bay Development decreasing juvenile survival rates in the nursery areas (Jennings et
al,, 2007), the lagoon N. brevirostris would have caused a shift in size class
proportions toward larger individuals in the 2000s (Figures 85 and 86; section 3.3.9).
Regardless of available prey resources, this would have resulted in increased
predation risk on smaller N. brevirostris within the lagoon population, thus
magnifying the shift towards a population dominated by larger individuals.
Temporally more of these larger individuals would have reached maturity (Figure 85;
see section 3.3.9) and left the lagoon population having increased their home-ranges
far beyond the target area (Sundstrém et al., 2001), thus reducing N. brevirostris
encounters with the longline gear. Finally it is possible that the potential increased
active avoidance of the longline gear by more resident individuals may have

magnified the extent of this highly significant linear decrease.

Total CPUE for all shark species showed no temporal pattern from 1984 — 1994, with
points appearing to have been randomly distributed throughout (Figure 71). It is
therefore impossible to make any comparisons with factors that may have potentially
influenced the total shark population dynamics over this period. The increasing
seasonal distribution of effort following the initiation of BBFS based longlining in
1992, and particularly thorough seasonal sampling regime following 2003, is likely
the cause for the significant liner increase (r = 0.6668, n = 14, P < 0.05) in Total
CPUE from 1995 - 2008. The increasing seasonal distribution of efforts would have
more effectively sampled different species during their times of highest seasonal
abundance (see section 3.3.4), therefore, annually Total CPUE would have increased.
The dissimilarity between the N. brevirostris CPUE temporal patterns and the Total
CPUE temporal patterns, suggested that N. brevirostris CPUE was affected by the
identified driving influences independent of total shark CPUE. Thus the N.
brevirostris population is not governed directly by the total shark population, and N.

brevirostris are more vulnerable to anthropogenic influences than the other species.

N. brevirostris CPUE increased significantly relative to increasing longline latitude (r
=0.872, n = 6, P < 0.05; Figure 72). This suggests an uneven N. brevirostris lagoon
population distribution across the target area. The longlines set to the south of the
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target area are somewhat more exposed to the surrounding waters of the Great
Bahama Bank and Gulf Stream than the longlines to the north. Also the longlines to
the south are in further proximity to the mouth of the central lagoon (Figure 89).
This would result in increased predation risk to the south and therefore decreased
utilisation of the southern part of the target area by N. brevirostris, in turn resulting
in decreased CPUE. The three more central longlines, A, B and C, all display similar
proximity to the mouth of the central lagoon and all displayed equal CPUE (0.006).
Longlines D and WN also displayed a similar proximity to the mouth of the central
lagoon compared to the three central longlines, yet received higher N. brevirostris
CPUE. This suggests that either physical habitat differences of greater spatial N.
brevirostris abundance were responsible for the higher levels of CPUE (see Chapter
4).

Total shark CPUE relative to longline latitude showed higher CPUE to the north and
south, with reducing CPUE towards the middle of the target area (Figure 73). This
suggests that sharks generally approached the target area from the north and south,
encountering the longlines to the top and bottom of the target area first where they
became captured. Clearly the N. brevirostris population does not predominately

approach the target area from the south in this fashion.

3.4.7. Capture related mortality

Year-on-year capture related mortality was very low for N. brevirostris from 2003 -
2008 (Figure 74). Of the three total N. brevirostris recorded as catch related
mortalities, all were recorded as Dead On Arrival (DOA), two as unavoidable stress
related mortalities and the third as the result of predation by a larger shark on the
captured individual. The three N. brevirostris comprised only 5% of the total 61 N.
brevirostris captured during this research campaign, which is an expected and
acceptable level for capture related mortality for the longlining research technique
(Abel et al., 2007, Cortes, 1995, Grubbs and Musick, 2007, NOAA, 2003, Prosser
and Abel, 2004). Longline related mortality based on mean abundance estimates (f =
0.06) was considerably less than N. brevirostris r-intrinsic estimates (0.2 — 0.6;
Gedamke et al., 2007, Cortes, 2000), thus the observed significant decline in N.
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brevirostris CPUE cannot be attributed to research related mortalities (see section
2.3.3.4; Gedamke et al., 2007).

Catch related mortalities by species, for the whole research campaign 2003 - 2008,
varied greatly (Figure 75). The highest proportion of mortality was recorded for S.
mokarran (50%), however, this represented only one of two individuals, thus would
not have affected the overall CPUE. Relatively high proportions of catch related
mortality were recorded for C. acronotus (25%), C. leucas (12.5%) and R. porosus
(24%), however, again this only represented a small number of individuals (n =1, n
= 1 and n = 4 respectively), therefore would have been unlikely to have affected
overall shark abundance. The highest number of catch related mortalities for a
species was 30 individuals (18%) for C. limbatus. This again highlights the low
stress tolerance of C. limbatus in relation to longline capture (Cortes et al., 2008).
Yet, despite high C. limbatus catch related mortalities recorded for all three periods
(Figure 19, 42 and 75), C. limbatus proportions within the shark population increased
between each research campaign (Figure 69). Therefore it would appear that
longline catch related mortalities in the target area have not negatively impacted
upon the C. limbatus population. This also adds further weight to the theory of low
site attachment for C. limbatus as it would be expected that a more resident
population would decline under these levels of anthropogenically influenced
mortalities. Despite the capture of high numbers, both G. cirratum and G. cuvier
were not subject to any catch related mortality as the result of the longline activities,
again highlighting a low vulnerability to longline activity (Cortes et al., 2008,
Holland et al., 1999).

3.4.8. Mark-recapture

The low number of N. brevirostris mark-recaptures (n = 4; Figure76) from 2003 -
2008 support two previously stated theories. Firstly, this was the lowest proportion
of mark recapture of all three research periods; 6% relative to 13% from 1992 — 2003
and 10% from 1982 — 1989. This supports the theory of a population decline from
2003 - 2008, relative to the previous research campaign, based on the CPUE records.

The occurrence of the lowest mark-recaptures rates in the research period that
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exhibited the most regular and consistent distribution of UE throughout the
campaign, supports the theory of active gear avoidance by the resident N.
brevirostris (Guttridge et al., 2009b). Support came as avoidance through negative
association would result in a reduction in catchability, of previously captured
individuals relative to previously un-capture individuals (see section 5.4.5.2). Thus a
reduction in mark-recaptures was recorded for this period despite, as the result of
cumulative tagging efforts from 1982 onwards, the greatest number of tagged
individuals potentially available for recapture in this period.

High and consistent mark-recapture rates for G. cirratum, from 2003 - 2008 (Figure
77), again suggested that G. cirratum was one of the more site-attached of the
species recorded in the longline research campaigns (Pratt and Carrier, 2007). In
addition it appears that G. cirratum did not show the same levels of active avoidance
of the longline gear as suggested for N. brevirostris. This would be logical, as low
capture related mortalities for G. cirratum across all three research periods suggests
that this species did not suffer from high levels of capture induced stress (Cortes et
al.,, 2008). Therefore G. cirratum would have gained less negative association
towards the longline gear, as the result of capture, than N. brevirostris, and would be
less inclined to actively avoid it. In addition, as G. cirratum tend to rely less on
vision and more on olfaction (Hodgson and Mathewson, 1978, Gruber, 1977a,
Kajiura et al., 2003) than N. brevirostris it may have been harder for G. cirratum to

detect the longline gear before hooking occurred.

The increased levels of C. limbatus and G. cuvier mark-recaptures from 2003 - 2008
(Figures 78 and 79) relative to the previous research campaigns (Figure 44), were
likely the result of the increased regularity of longlining efforts in this period.
Though both species appear to have little site attachment to the area, twice monthly
longlining could have resulted in individuals becoming recaptured before they
moved significantly outside of the catchment area within the course of a year. Also
with the greatest number of tagged individuals for both species in this period, as the
result of cumulative tagging efforts, higher incidences of mark-recaptures for both C.

limbatus and G. cuvier may have been somewhat subjective.
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Population estimates, based on the adapted Lincoln-Petersen model (section 3.3.8)
were found to be a mean of 158 (+ 33 s.e.) individuals comprising the Bimini lagoon
N. brevirostris population in any given year from 1982 — 2008. Based on personal
observations during tenor at the BBFS from 2003 — 2008, this would seem to be a
reasonable estimated value. These longline based population estimates were truthed
against population estimates devised for aerial surveys in section 4.3.3 and found to

be reasonable.

3.4.9. Temporal Pre-Caudal Length (PCL) and size class
variation of N. brevirostris

Mean N. brevirostris PCL appeared relatively stable from 2003 — 2008, but when
considered continuously across the entire 27 year research campaign, temporal
patterns became apparent (Figure 81). Firstly the only steady year-on-year decline
occurred from 1986 — 1989. The decline at the end of the 1980s was most likely the
result of consistent scientific N. brevirostris sacrifices, predominately of larger
individuals for the age and growth study (Brown and Gruber, 1988). The decline
resulted in the N. brevirostris mean PCL reaching its lowest value for the entire
campaign, and abundance temporally low, leaving the lagoon population in the
perfect situation, low abundance and a lack of predation risk from larger individuals,
for the apparent population increase that followed throughout the 1990s (see section
3.3.4; Webster, 2004). This was increased by a large recruitment of juveniles at this
time (Figure 84). The absence of results from 1990 — 1993 was the result of very

limited longline efforts during this period resulting in no multiple catches.

From 1994 — 2000 there was an apparent temporal decline in mean N. brevirostris
PCL, with an unusually low value in 1997 (Figure 81). When the period from 1997
- 2008 was considered, it became apparent that the unusually low value in 1997 was
part of a pattern on troughs and peaks in mean N. brevirostris PCL, and represented a
year of high recruitment (see below). This is verified by a peak in juvenile N.
brevirostris catch proportions in 1997, resulting in the highest proportion for this
period (Figure 84). With the removal of this unrepresentative year, a highly

significant decrease in N. brevirostris mean PCL (r = -0.95, n = 6, P < 0.01) was
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found from 1994 — 2000 (Figure 82). This suggested that the steady and highly
significant increase in N. brevirostris CPUE from 1992 - 2000 (r = 0.8508, n =9, P
< 0.01) was largely driven by a steady influx, bar the disproportionately large influx

in 2002, of juveniles at the base level of the lagoon population.

By 2000, N. brevirostris CPUE was at its highest (Figure 70), while mean PCL was
low (Figure 81). This suggested a large lagoon N. brevirostris population dominated
by smaller individuals, as supported by the relative life-stage catch proportions at the
beginning of the 2000s (Figures 84 — 86). Mean N. brevirostris PCL from 1997 -
2008 showed a sequence of peaks and troughs separated at 3 — 4 year intervals. The
sequence, based on the regularity of sample regime at this time would appear to
relate to the natural cycle of recruitment at the population base level, relative to
ontogenetic departure at the top level of the population. Therefore trough years
would represent years of high recruitment at the base level of the lagoon population.
When only trough years, 1997, 2001, 2004 and 2007 are considered, a significant
temporal increase in mean N. brevirostris PCL (r = 1.0, n = 4, P < 0.05) for the
period was found (Figure 83). The temporal increase, from 1997 — 2008, in mean
PCL at the recruitment level of the population suggests that it was a decline in the
juvenile and young sub-adult life stages that was driving the observed highly
significant CPUE decline (r = 0.9237, n = 9, P < 0.001) through the final research
period from 2000 - 2008. The likely causes of the decline in the lower N.
brevirostris life stages would have been the decrease in recruitment as the result of
decreased nursery survival rates post 2001, driven by the impacts of the Bimini Bay
Development (Jennings et al., 2007). In addition, and in combination with the
decrease in recruitment, there would have been an increase in conspecific predation
of smaller individuals within the lagoon population by the increase in larger
individuals (Webster, 2004) maturing from the large recruitment levels at the
beginning of the 2000s (Figure 84).
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3.5. Conclusion

Form 1982 — 2003, the average Bimini lagoon N. brevirostris population was
estimated to consist of around 158 individuals present in any given year. This was
by no means a large population relative to the recorded declines. Given the life-
history of N. brevirostris, even a relatively small decline in numbers as the result of
anthropogenic activities could result in considerable disruption to any natural
temporal patterns that may have otherwise been in effect. From 1982 - 1989 it
would appear that instability within the population was the result of both
anthropogenic influences and artefacts of research design. From 1982 — 1989, the
greatest anthropogenic influence came as the result of sacrificial research techniques
associated with the various N. brevirostris focused studies conducted during this
research period. Sacrifices tended to be focused on larger individuals within the
population, resulting in imbalance within the population’s size classes and the
resultant alteration to subsequent population dynamics. This was coupled by
inconsistency of the sampling regime, leading to seasonal variations in N.
brevirostris abundance distorting any potential to reveal temporal population

patterns.

Throughout the 1990s period there was minimal anthropogenic disturbance to the
lagoon N. brevirostris population. The absence of sacrificial research techniques, in
addition, to minimal habitat disruption throughout the majority of the period, resulted
in a significant population increase from 1992 — 2000. The main anthropogenic
disturbance came from the initiation of the Bimini Bay Development activities in
1997. This appeared to cause instant and direct disruption to the lagoon N.
brevirostris population, in relation to CPUE and size class proportions within the
population, repeated again in 2001 in response to the most intensive sub-tidal
development activities to date. The sacrificial research activities of the previous
campaign in addition to the disruptive influence of the development activities may
have also resulted in a lagoon population increase at a rate beyond the resources of

the habitat, as the result of imbalance between N. brevirostris size classes.

Following the observed increase from 1992 - 2000, the lagoon population

experienced a highly significant decline over the subsequent research period from
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2000 - 2002. This can be largely attributed to the population disruptions that
preceded it in addition to a reduction of recruitment at the population base level. It
has been documented that through dredging activities and nursery habitat removal, of
fringing mangrove populations, the Bimini Bay Development activities have resulted
in a reduction of N. brevirostris nursery survival rates (Jennings et al., 2007,
Feldheim and Edren, 2002). This resulted in a reduction in the number of individuals
available for recruitment into the lagoon N. brevirostris population in conjunction
with increased predation risks as the result of the previous population disruptions.
Collectively these influences resulted in a population decline, possibly magnified in
the data by potentially increasing longline avoidance by site attached N. brevirostris.
From 1992 - 2000, with the absence of any size class influence from the sacrifices of
larger individuals, mean PCL declined relative to increasing CPUE and mean PCL
then increased relative to decreasing CPUE. This suggests that it was the smaller
individuals at the lower life-stages within the lagoon N. brevirostris population that
were producing the greatest influence over CPUE. Thus the reduction in recruitment
as the result of decreased survival rates post 2001 would likely be the most
considerable cause for the significant decrease in CPUE from 2000 - 2008.

It is possible that the population N. brevirostris increase followed by population
decrease, is representative of a natural population pattern at this location for this
species. However, should this have been the case it is highly unlikely that all the
previously identified factors would not have greatly magnified these patterns to the
detriment of this vulnerable species. Of most concermn were the apparent effects of
the Bimini Bay Development activities. These were evident through all forms and
avenues of analysis (CPUE, catch proportions, mean PCL variations and size class
proportions) providing very strong evidence of negative impacts not only as
identified for the nursery bound juvenile population, but also to the secondary lagoon
sub-adult and adult N. brevirostris population. This is of great concern as the
identified disruptions to the N. brevirostris population were only in response to the
first stage of the planned Bimini Bay Development. Should the proposed
development plans receive full approval from the Bahamian government, the latter
stages would produce considerably greater disruption and habitat loss/alteration, with

plans in place for the complete removal of all North Sound N. brevirostris nursery
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fringing mangroves and a nine-hole golf course. Given the previously identified
negative effects of the development activities and the life-history traits of N.
brevirostris that make population recovery difficult for this species, further planned
development of the Bimini islands could have catastrophic implications for the

Bimini N. brevirostris populations.
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4. Shark longline catchability and

encounterability
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4.1. Chapter Introduction

Many factors can influence longline Catch Per Unit Effort (CPUE: Ward, 2008,
Stoner, 2004), a number of which are outlined in section 2.3.2.5.2. However, the
majority of factors that do influence catches are assumed to have no effect over
CPUE in the analyses of longline data (Ward, 2008, Ward et al., 2004, Stoner, 2004).
Actively assessing the effects of all potential influencing factors is an unfeasible
undertaking and would eventually become counterproductive given the amount of
time and resources that would be required. Due to the long-term nature of research
activities conducted on the shark populations at Bimini, Bahamas, it has been
possible to investigate some of these specific potential influences in relation to shark
longline CPUE. For the Bimini longline dataset, the affects of lunar variations and
‘hook type were addressed in Chapter 2 and the effects of diel variation, soak time
and bait type were addressed in Chapter 3.

The assessment of the previously stated variables proved extremely useful for the
results interpretation for the longline data analysis in Chapters 2 and 3. However,
some of the variables that may have had significant influence over the longline
CPUE results are yet to be addressed. In this Chapter, through a combination of
additional available historical data belonging to the Bimini Biological Field Station
(BBFS) research group, and some focused research approaches, it was possible to
assess the potential effects of more of these important variables. The aims of this
chapter were to a) assess influence of hooking success and multiple shark presence
over catchability for N. brevirostris, C. limbatus and G. cirratum; b) assess the
influence of encounterability and monthly abundance variation over CPUE for N.
brevirostris; and c) assess the current state of abundance relative to the historical
records for N. brevirostris. The aims were achieved by video surveillance of baited
hooks, the truthing of historical tracking data with focused aerial surveys, the
determination of N. brevirostris abundance distribution around the Bimini lagoon,
abundance estimates based on aerial survey counts, and the extrapolation of
historical abundance estimates from the CPUE records and the truthing of the

extrapolated estimates with mark-recapture data.
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With fishing gears requiring self-hooking, such as longlines, manipulation of the
baited hook by the target species has great influence over hooking success and
therefore CPUE (Huse and Ferno, 1990), therefore interspecies variation in
catchability on self-hooking longline gear could have greatly influenced the
historical Bimini longline CPUE results. Interspecies variations in longline
catchability have been previously documented for teleost species (Ferno and Huse,
1983, Huse and Ferno, 1990, Olla and Samet, 1974, Ryer and Olla, 1991, Stoner and
Ottmar, 2004). Sharks species have been shown to possess different feeding
behaviours/techniques and differences in bait manipulation (Frazzetta, 1994, Hobson,
1963, Moss, 1972, Preti et al., 2001, Wilga et al., 2006, Wilga et al., 2007) that may
make them more or less susceptible to capture on longline hooks. In addition, other
behavioural factors may also influence a particular individual’s catchability in a
particular moment in time (Stoner and Ottmar, 2004, Stoner, 2004). Specifically, the
presence of multiple sharks in the target area may lead to the alteration of a given
individual’s feeding behaviour, and bait manipulation, as the result of increased

resource competition (Stoner, 2004, Stoner and Ottmar, 2004).

This could lead to species that tend to display group behaviour having a higher
catchability than species that tend to be more solitary (Davis and Olla, 1992, Olla
and Samet, 1974, Ryer and Olla, 1991, Ryer and Olla, 1992, Stoner and Ottmar,
2004, Hobson, 1963). Such variations could lead to certain species being over-
represented in the CPUE records, relative to others that may be under-represented.
Locally this could affect the understanding of the Bimini longline CPUE dataset, thus
reducing confidence in the results. On a broader scale this could have considerable
implications for elasmobranch stock assessments — the basis for state and federal
elasmobranch regulations in the U.S. Additionally, results could provide further
insight into the validity of some highly disputed issues within the reports of mass
global shark population declines (Baum et al., 2003, Burgess et al., 2005a, Burgess et
al., 2005b, Baum et al., 2005, Baum and Myers, 2004).
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4.2. Methodologies

4.2.1. Baited hook video surveillance

Video surveillance has previously been employed as a tool to assess such variations
in teleost species (Huse and Ferno, 1990, Shardlow, 1993, Stoner and Ottmar, 2004)
and crustaceans (Jury et al., 2001). For sharks, video surveillance has recently been
employed to assess population structure and species abundance (Meekan et al.,
2006). In this study, video surveillance technology was used to assess influence of
potential interspecies variables on catchability, with specific attention on species
hooking success and the influence on multiple shark presence on bait attempts and

hooking success.

The baited hook video surveillance equipment (Figure 87) was set up as follows to
replicate a single gangion section of a real longline. First the 30 m mock section of
main longline was secured in place with the use of a concrete block and Danforth®
anchor at each end. The gangion was then clipped to the centre of the line by tuna
clip. The underwater video camera was positioned S m up current of the gangion.
The camera was connected to a recording unit and monitor on a vessel anchored 30
m up current by a long cable, to allow for real-time underwater observations to be
made. While the submerged equipment was being assembled, cloud cover, wind
strength/ direction and surface conditions were recorded onboard the vessel.
Following the placement of the camera, visibility was recorded from a secchi disk.
Finally the chum cage, containing 1/3 of a standard chum block (1.6 kg), was located
3 m up current of the gangion and the bait placed on the hook. Bait consisted of a
pre-cut S. barracuda steak of 4 cm width. The time at which the hook was baited
was recorded as the trial start time.

The field team consisted of 4 members, one to monitor the video screen, two to make
surface observations and one to record data. Any shark presence or behaviour
documented on either the video monitor or from surface observations was entered in
the data-book as a data record. A data record consisted of the time of observation,
species (if identifiable), a behaviour code and detailed description of the observed

behaviour. Behaviours documented relative to this research project were: ‘Bait
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Attempt’ — the shark makes a directed effort to manipulate the bait with its mouth;
‘Successful Hooking’ — as the result of a bait attempt the shark became captured on
the hook and remains captured for a period of at least 3 minutes, ‘Multiple Shark
Presence’ — more than one shark was observed in the target area, either on the video
monitor or from the surface, at the same moment in time. The trial end time was
recorded when a shark became successfully hooked, or when the bait was removed
from the water. If a shark became successfully hooked it was processed by the
methodology described in section 3.2.3. On returning to the research base, the video
was digitally rendered onto a computer and then reviewed to create a comprehensive
video data log.
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Figure 87. Baited hook video surveillance equipment set-up — A and B represent knots in the
main line to restrict the lateral movement of the gangion

4.2.2. Acoustic tracking

Acoustic tracking has been widely utilised for many years in definition of shark
home-range and spatial utilisation (Andrews et al., 2007, Cartamil et al., 2003,
Heupel and Simpfendorfer, 2008, Heupel et al., 2006, Ortega et al., 2009, Ubeda et
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al., 2009, Brunnschweiler, 2009, Nelson et al., 1997, Holland et al., 1992, Carlisle
and Starr, 2009, Sundstrom et al., 2001). Fortunately, the BBFS has a long history of
acoustic telemetry utilisation that has not only resulted in a very large dataset, but
also provided the basis for a good understanding of N. brevirostris home-ranges and
habitat utilisation in the Bimini Lagoon (Morrissey and Gruber, 1993a, Morrissey
and Gruber, 1993b, Sundstrom et al., 2001, Sundstrom and Gruber, 2002, Sundstrom
and Gruber, 1998, Franks and Gruber, 2007). A proportion of these studies,
particularly in recent years, have focused on the juvenile life stage of the Bimini N.
brevirostris. However, after the establishment of the BBFS in 1990, telemetry
studies have consistently focused on the sub-adult N. brevirostris that comprise the
majority of the Bimini lagoon population. Permission of access was granted to the
entirc Bimini sub-adult tracking database (Gruber personal communications 2007)
for further analysis specific to the aims of this project. It was therefore possible to
gain a comprehensive insight of Bimini sub-adult N. brevirostris abundance

distribution for comparison to the longline CPUE results.

Acoustic tracking of sub-adult N. brevirostris at the Bimini islands was conducted
from November 1992 - January 2008. Specimens were issued with acoustic
transmitters by either external attachment with a stainless steel dart, or by internal
implantation into the peritoneal cavity, as detailed in section 5.2.2. Specimens were
allowed a minimum of 24 hours to recover and return to their normal behaviour
before active tracking was initiated. Active tracking involved following the acoustic
signal from specimens issued with acoustic tags in a flat bottom skiff. The
transmitted acoustic signal was detected with the use of an underwater hydrophone
and onboard acoustic receiver. Each transmitter had a given frequency between 60
and 80 KHz and a unique coded transmission sequence to allow for individual
specimen identification. A minimum distance of 30 m was maintained from the
study specimen, whenever possible, to minimise the potential of disturbance to the
sharks natural behaviour. Vessel GPS position, in decimal degrees, compass bearing
and estimated distance to the study specimen, based on acoustic signal strength, were
recorded at five minute intervals. Vessel track GPS points were subsequently
converted into study specimen locations using the Bearing, NewPosLat,

NewPosLong, and Posdist spherical geometry functions in Excel® (Laake, 2001).
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Study specimens were located by acoustically searching the target area with vessel
transects conducted at idle speed. Once located, the study specimen was tracked
continuously for as long as possible, changing crews at eight hour intervals if
necessary, until the signal was lost consistently for in excess of one hour.
Continuous tracks were conducted, on the same individual, for up to and above 72
hours. In total, 21,562 tracking points, produced by 47 individuals were obtained

from over 15 years of acoustic tracking activities.

4.2.3. Aerial Survey

Aerial survey is a technique that has been widely used for many years to assess
species population abundance for both terrestrial and marine vertebrates (Marsh and
Saalfeld, 1989, Slooten et al., 2004, Marsh and Sinclair, 1989, Edwards et al., 2004,
Miller et al., 2005, Fewster and Pople, 2008). For marine species, employment of
aerial survey census techniques has mainly focused on marine mammals and reptiles
(Cardona et al., 2005, Craig and Reynolds, 2004, Edwards et al., 2007, Pollock et al.,
2006, Roos et al., 2005, Salberg et al., 2009, Slooten et al., 2004, Witt et al., 2009).
Marine mammals and reptiles are suitable for census from the air in that all need to
regularly breathe and are therefore are regularly visible at the surface. To date,
employment of aerial census for sharks has been limited in the literature to whale
sharks (Rhincodon typus; Rowat et al., 2009, CIliff et al., 2007, Sleeman et al., 2007)
and basking sharks (Cetorhinus maximus) as these species both spend long periods
filter feeding at the surface (Sims et al., 2005, Wilson, 2004) and are therefore suited
to aerial based census techniques. Most shark species however spend relatively little
time at the surface and costal Carcharhinidae species tend to spend the majority of
their time near the sea bed (Sundstrom et al.,, 2001). This makes Carcharhinidae
species generally unsuitable for aerial census techniques, and resultantly the only
literature with aerial census used to survey a Carcharhinidae species relates to
experimental surveys of the Bimini lagoon N. brevirostris population (Gruber et al.,
1988).

The Bimini lagoon N. brevirostris population however provided a very good
opportunity to revisit the employment aerial census for N. brevirostris abundance, as

previously utilised by Gruber et al. (1988) to identify activity patterns and spatial
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utilisation. A number of factors combined to make this particular population of
sharks suitable; firstly although N. brevirostris, like other coastal Carcharhinidae,
spend the majority of their time near the sea bed, the Bimini population display high
site attachment to the central lagoon area (Sundstréom et al., 2001, Gruber et al.,
1988). The central lagoon area is shallow throughout (< 4 m deep; Plate 3), consists
predominately of sandy light substrata (Hussey, 2003), and water clarity is usually
high (personal observations 2002 — 2008). Therefore even when at the very bottom
of the water column, N. brevirostris were still highly visible from the air (Rowat et
al., 2009). The combination of the N. brevirostris population and habitat properties
provided the perfect opportunity to re-employ the aerial census technique for this

species in this location.

The aerial survey team consisted of four members: a pilot, two observers and a
survey monitor. The first observer was located in the co-pilot seat at the front right
of the cockpit, with the second observer located directly behind the first in the right
hand side passenger seat. Both observers looked out of the right side of the aircraft,
therefore covering the same area, and recorded N. brevirostris sightings in tally form
on a pre-prepared survey sheet. Following the completion of the survey, sheets were
cross referenced to produce a combined final sheet with the maximum count for each
zone, i.e. the largest number for each zone recorded by either observer. By covering
the same area with two observers, the chance of a given N. brevirostris being missed
was halved and the assessment of observer variation could be used to calculate the
Perception Correction Factor (PCF; see below). The survey monitor was located
directly behind the pilot, and was charged with the task of recording all the flight
parameters, mainly time of takeoff and landing, and start and end time of each survey
transect. Pilots provided their time and aircraft on a volunteer basis, therefore a
combination of four different aircraft were utilised throughout the duration of the
research project. The fixed-wing aircraft utilised were a Cessna 172, a Beechcraft 35
Bonanza, a Piper Pa-28 Archer and a Piper PA-31-350 Navajo Chieftain. The pilot’s
sole responsibility was to fly the predetermined flight path with the aid of a map,
onboard GPS unit and instructions issued in the pre-flight briefing. An altitude of
100 m and a groundspeed of 185 km/h were maintained for each transect.
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Gruber

Plate 3. Aerial photo of Bimini Islands, showing shallow sandy lagoon habitat - suitable for
aerial census. Red arrow shows the location of the Bimini Biological Field Station, red outline

show proposed area of Bimini Bay Development
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The survey design was based on existing aerial survey protocols (Marsh and
Saalfeld, 1989, Marsh and Sinclair, 1989, Shelden and Laake, 2002, McDaniel et al.,
2000, Rowat et al., 2009), using a stratified block sampling protocol (Figure 88).
The target area was divided into logical zones and the area of each zone calculated.
The area sampled within each zone was then derived from each strip transect, with
the visual sample width previously established (see below). For each survey, a total
of 10 transects were flown, providing two passes for each zone, one on the western
edge travelling north and one on the eastern edge travelling south (Figure 88). From
start to finish all 10 transects took 30 — 40 minutes to complete. For maximum
sighting potential, aerial surveys were only conducted within the following
environmental conditions. To minimise the potential for poor surface conditions and
turbid waters, which could obscure the view of the submerged sharks, surveys were
only conducted in wind conditions below Beaufort scale 3 (Rowat et al., 2009, Marsh
and Sinclair, 1989, Shelden and Laake, 2002, Edwards et al., 2007). To ensure
sufficient light for visual identification was available and to minimise the effects of
surface glare, aerial surveys were only conducted when cloud cover was < 30% and

from two hours prior and two hours after 12:00, when the sun was highest in the sky.

4.2.4. Analytical methodology

Unless otherwise stated, or specifically being investigated in the section, all variables
stated in section 3.2.4.2 are assumed to have had no effect on the results. For all tidal
based group analysis, high-tide was defined as 3 hours prior to and 3 hours after dead
high-tide, and low-tide was defined as 3 hours prior to and 3 hours after dead low-
tide.

4.24.1. Interspecies hooking success

From the footage review records of the baited hook video surveillance trials, bait
attempts were calculated for each species that had displayed multiple behaviours, N.
brevirostris, C. limbatus and G. cirratum. For each species the proportion of bait
attempts that resulted in a successful hooking were calculated. Differences between

species were compared.
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Figure 88. Aerial survey transect flight path and stratified block sampling zones
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4.24.2. Effects of multiple shark presence on bait attempts and hooking

success

Each bait attempt was issued with a 1 or 0 value for multiple shark presence for two
time periods: up to 30 minutes prior and up to 15 minutes prior to the bait attempt.
‘Multiple shark presence’ refers to more than one shark sighted, either through the
video footage or surface observation notes, within each given time period prior to the
bait attempt. Chi’ analysis was conducted for both time scales for each species to
assess if multiple shark presence significantly affected the number of bait attempts.
The proportion of bait attempts resulting in a successful hooking with and without
multiple shark presence was then calculated for each species. Chi® analysis was
conducted to see if multiple shark presence affected the proportion of successful

hookings relative to attempts made with no multiple shark presence.

4.2.4.3. Aerial survey based N. brevirostris abundance estimates

It was assumed that there was no transition of individuals between zones for the
duration of each aerial survey. For each zone an abundance estimate was made from
raw data, and then all zones were combined to give an abundance estimate for the
entire lagoon population. The abundance estimate (N) was calculated for each zone

as follows:-

(C X ACF x PCF)
ST

where: C = N. brevirostris count, ACF = availability correction factor and SI =

survey intensity (Rowat et al., 2009).

4.2.4.3.1 Availability Correction Factor (ACF)

ACF accounts for individuals within the population not visibly available for counting
during the survey. For aerial surveys of the marine environment this usually is a
product of water turbidity, depth and diving behaviour (Cliff et al., 2007, Marsh and
Saalfeld, 1989, Marsh and Sinclair, 1989, Rowat et al., 2009, Slooten et al., 2004).

In Bimini the maximum water depth within the survey area was 5 m, thus water
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depth and diving behaviour were not considered to be variables effecting N.
brevirostris visual detection. Also, surveys were only conducted in calm conditions
with little to no turbidity; therefore turbidity was also not considered a variable.
Availability of N. brevirostris within the target area, during the aerial surveys, could
however have been affected by N. brevirostris local movements. The area to the
south of the island was not considered for the aerial survey census due to
unfavourable substrate (dense seagrass beds) for identifying sharks against. Figure
89 shows that sub-adult N. brevirostris do travel outside of the survey target area;
therefore individuals residing outside of the perimeter during the execution of the
survey would not have been considered for counting. Therefore, ACF, in the case of

the Bimini aerial surveys, related to local movements.

In order to calculate ACF it was necessary to calculate an estimate for the proportion
of N. brevirostris movements, from 21,562 tracking points, that were outside of the
aerial survey target area. This was achieved using ArcGIS® 9.2 software to isolate
all N. brevirostris tracking points outside of the target area. The tracking points
outside of the aerial survey area were then calculated as a proportion total tracking
points, giving an estimate for the proportion of time spent by Bimini N. brevirostris
outside of the aerial survey target area of 14%. Thus an ACF of 1.14 was applied for

N. brevirostris abundance estimates.

4.2.4.3.2. Perception Correction Factor (PCF)

PCF accounts for individuals missed by the observer and can be the result of a
number of factors (Marsh and Sinclair, 1989). For a survey of this nature, the two
greatest potential sources for N. brevirostris to be missed by the observer were a)
altitude and b) individuals simply not visually detected by the observer. From a
given altitude, it may not be possible to see an individual of a given size, with
increasing altitude decreasing the ability to identify a small individual. During their
comparative studies, Marsh and Sinclair (1989a,b) found that a ratio of 274:1
(altitude: minimum animal size) was sufficient for accurate detection. With a
maintained altitude of 100 m and a minimum animal target size of 1 m a ratio of
100:1 was obtained,‘well within the limits of accurate detection. Therefore it was not
necessary to employ a PCF for survey altitude.

174



Steven Kessel Ph.D Thesis

I B Bimini Islands

I 1Zones
Tracking points

t 1kmt

Figure 89. Historical tracking point locations relative to aerial survey zones as used to calculate
Availability Correction Factor (ACF) - i.e. individuals exhibiting movements outside of aerial

survey zones would not be recorded during the aerial survey
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Observers may simply miss or fail to identify N. brevirostris within the survey area
for a number of reasons, including glare, fatigue or inattention (Slooten et al., 2004).
This can vary between observers and is usually accounted for by the modified
Peterson estimate as defined by Marsh and Sinclair (1989). However, the same
observers were used for all surveys therefore the employment of this method was not
necessary as individual perception error remained constant. It was thus possible to
devise a value for PCF based on the number of individual N. brevirostris missed by
the observers during the aerial surveys. Following the culmination of both sets of
observer data to produce the final count at the end of each survey, each observers
data sheet was analysed to calculated the number of N. brevirostris missed by one
observer that were recorded by the other. This was then converted to a proportion of
the observed total for each observer, and then the mean proportion missed for both
observers in that survey was calculated. The mean proportion of N. brevirostris
missed in all surveys was calculated and then divided by two to account for the
reduced chance of missing an individual, as in any given survey there were two
observers. The final mean proportion of N. brevirostris missed by an individual in a
survey was found to be 36% (+ 2.7 s.e.), thus when halved became 18%, giving a
PCEF for all surveys of 1.18.

4.2.4.3.3. Survey Intensity (SI)

SI accounts for proportion of the total area sampled by the aerial survey by the

equation:

area of coverage

Sl =
area of zone

It was therefore necessary to calculate these values for each zone using ArcGIS® 9.2,
Individual polygons were created for each of the aerial survey zones allowing the
area of the marine habitat contained within each to be obtained, providing for each
the area of zone. The effective visual transect width was truthed for standard survey
altitude and speed (100 m and 185 km/h respectively) using submerged markers and
found to be 350 m. Area of coverage was then obtained by the union of the zone

polygons with the 350 m buffer of the plotted line transects. By the union process
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each zone polygon was divided into three subsequent polygons; two of which
represented the area of coverage for the north and south line transects in each survey
zone. The combined areas of the two isolated coverage polygons thus provided the

area of coverage.

4.2.4.4. N. brevirostris zone density

Estimated zone abundance was divided by zone area to give a value for estimated N.
brevirostris zone density as a value of N. brevirostris (NB) per km? (NB/lcmz).
Values for all surveys were combined for each zone and then divided by the number
of surveys conducted to give a mean N. brevirostris density for each zone. Surveys
were then divided into low and high-tide counts and the process repeated, resulting in
three mean density values, total, high and low-tide, for each zone. The produced
density values were then attributed to the respective zones in ArcGIS 9.2%t0 produce
a zone density distribution map for each set of values (total, high and low-tide). The
produced zone density maps were subsequently used to truth the acoustic tracking
data. Additionally the longline set locations were plotted over the top of the total

zone densities to allow for comparison between set location and zone densities.

4.2.4.5. Distribution truthing

It is possible that the devised N. brevirostris abundance distribution plots were the
result of spatial bias in acoustic tracking focus. The shallow nature of the Bimini
lagoon habitat meant that certain areas are extremely shallow, if not dry, around low-
tide. Due to the difficulties associated with acoustic tracking and vessel
manoeuvring in very shallow areas, it is possible that tracking crews may have
avoided, or had less tracking success, in very shallow areas. Therefore tracking
based N. brevirostris abundance distribution plots may show bias in having higher
densities in deeper areas of the lagoon. Of particular concern was the dramatic
variation between low and high plots in the area of the lagoon that corresponded to
aerial survey zones I and J (Figure 88). This area is the shallowest in the lagoon and,
depending on tide height, at low-tide becomes extremely shallow or dry. Logically
N. brevirostris would move away from this area at low-tide, however N. brevirostris
have been documented to regularly inhabit areas of extremely low water depth, to the
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point where a large proportion of their body can be exposed above water (Reyier et
al., 2008). Since the aerial survey technique provided standard coverage of all
lagoon areas, irrespective of water depth or tide, it was possible to compare the un-
bias aerial survey results with the potentially bias acoustic tracking results for

truthing purpose.

The produced N. brevirostris abundance distribution maps were first truthed visually
against the aerial survey zone N. brevirostris density maps and assessed for
similarity. For quantitative truthing, for both high and low-tide, the number tracking
points in each zone (I and J) were obtained using the ‘select by theme’ tool in Arc
GIS 9.2%. The proportion reduction for the two zones from high to low-tide was then
calculated for both number of tracking points and estimated N. brevirostris

abundance, and the results compared.

4.2.4.6. N. brevirostris abundance distribution

All 21,562 tracking points were plotted into ArcGIS 9.2%, and then converted to a
point density plot, on a 40 x 40 m grid, with each cell representing number of points
if extrapolated over a square kilometre. Three plots were produced; one for all
tracking data and one each for high and low-tide tracking points. Where exact
capture time was available, longline N. brevirostris catches were divided into two
groups based on high or low-tide at time of capture. N. brevirostris low-tide catches
were plotted over the low-tide point density plot, and high-tide catches were plotted
over the high-tide point density plot. The combined plots allowed comparisons to be
made between N. brevirostris abundance distribution, assumed to be proportional to
encounter probability, and N. brevirostris catch locations. Three additional plots
were made over the complete tracking point density plot. Firstly line set location
was plotted to assess each longlines fishing power relative to encounter probability.
Secondly N. brevirostris CPUE by specific location, as defined in section 2.3.2.5.5,
was plotted to assess the effect of encounter probability on CPUE. Finally the
distribution of known shallow seagrass beds were plotted to assess the relationship

between available refuge proximity and N. brevirostris abundance distribution.
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4.24.7. Annual N. brevirostris abundance estimates

Assuming that CPUE is directly proportional to abundance (Richards and Schnute,
1986), it was possible to extrapolate abundance estimates for each research year back
to 1982. For each research year the proportional value of N. brevirostris CPUE was
calculated relative to 2008 N. brevirostris CPUE (0.006). A proportional N.

brevirostris abundance estimate (N) for each year was then calculated from:-

N = (AE) x CP
~ \100

where: AE = mean N. brevirostris abundance estimate for 2008 (52 + 9.2 s.e.), and
CP = N. brevirostris CPUE proportion of 2008 value (0.006). Finally, from the
resultant extrapolated N. brevirostris abundance estimates, means were calculated for
the periods 1982 — 1989, 1982 — 1999 and 1982 - 2008, for comparison with the

mark-recapture abundance estimates obtained in section 3.3.8.
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4.3. Results

4.3.1. Hooking susceptibility

4.3.1.1. Interspecies hooking success

All three species, N. brevirostris (n = 25), C. limbatus (n = 26) and G. cirratum (n =
32), made a similar and relatively low number (26, 27 and 32 respectively) of
attempts at the bait. Resulting from bait attempts, all three species also showed and
extremely similar proportion of successful hookings, with N. brevirostris at 24%, C.

limbatus at 27% and G. cirratum at 25%.

4.3.1.2. Effects of multiple-shark presence on bait attempts and hooking

success

The affect of multiple shark presence in the target area on bait attempts varied
between species (Table 5). For N. brevirostris, multiple shark presence up to 30
minutes prior to the bait attempt resulted in a highly significant increase in bait
attempt frequency (x° = 9.85, d.f. = 1, P < 0.01), and multiple shark presence up to 15
minutes prior to the bait attempt resulted in a significant frequency increase (x2 =
3.85,df. =1, P <0.05). For C. limbatus, multiple shark presence up to 30 minutes
prior to the bait attempt resulted in a highly significant increase in bait attempt
frequency (x* = 9.85, d.f. = 1, P < 0.01), but multiple shark presence up to 15 minutes
prior to the bait attempt did not result in significant frequency increase (x* = 2.46, d.f.
=1, P > 0.05). For G. cirratum, multiple shark presence both up to 30 and 15
minutes prior to the bait attempt did not result in significant frequency increase (x° =
0.03, d.f. = 1, P> 0.05 and y* = 0.76, d.f. = 1, P > 0.05).

Table 5. Number of bait attempts with and without multiple shark presence for 30 and 15
minutes prior to attempt; NB = N. brevirostris, CLI = C. limbatus and GCI = G. cirratum

Species Time scale (mins) Alone Multipie presence Chi Sq d.f. Significant

NB 30 5 21 9.85 1 P <0.01
NB 15 8 18 3.85 1 P<0.05
cu 30 5 21 9.85 1 P <0.01
CLl 15 9 17 2.46 1 P>0.05
GClI 30 16 17 0.03 1 P>0.05
GCI 15 19 14 0.76 1 P>0.05
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The affect of multiple shark presence in the target area on bait attempt hooking
success varied between species (Table 6). For N. brevirostris, multiple shark
presence up to 30 minutes prior to the bait attempt resulted in a significant decrease
in hooking success (x2 =3.84, d.f. = 1, P < 0.05), and multiple shark presence up to
15 minutes prior to the bait attempt did not result in any significant hooking success
change (x2 =0.73, df. = 1, P> 0.05). For C. limbatus, multiple shark presence up to
30 minutes prior to the bait attempt resulted in no significant change in hooking
success (;g2 = 1.52, d.f. = 1, P > 0.05), but multiple shark presence up to 15 minutes
prior to the bait attempt did result in a significant increase in hooking success o =
5.76, d.f. = 1, P < 0.05). For G. cirratum, multiple shark presence both up to 30 and
15 minutes prior to the bait attempt did not resulted in and significant change in

hooking success (x2 =1.46,df. =1, P>0.05 and x2 =0.17,df. =1, P> 0.05).

Table 6. Proportion of bait attempts resulting in successful hooking, alone and with multiple
shark presence for 30 and 15 minutes prior to attempt; NB = N. brevirostris, CLI = C. limbatus
and GCI = G. cirratum

Species Time scale (mins) Prop. Alone (%) Prop. multiple (%9 Chi Sq d.f. Significant

NB 30 40 19 384 1 P<005
NB 15 25 2 073 1 N.S.
cu 30 2 24 152 1 N.S.
cu 15 11 2 576 1 P<005
GCi 30 3 18 146 1 N.S.
GCi 15 26 21 017 1 N.S.

4.3.2. Encounterability

4.3.2.1. Distribution truthing

Comparison of figures 90 and 93 shows similar results for estimated N. brevirostris
density based on aerial survey data relative to tracking point based density, with the
central lagoon area containing the highest densities of both methods. Comparison of
figures 91 and 92 to 95 and 96 shows a similar density distribution reduction, from
high to low-tide, of N. brevirostris density relative to tracking point density. The
variation of zones I and J, from high to low-tide, showed a 73 % reduction of N.
brevirostris density based on the aerial survey data, and a 94 % reduction of N.
brevirostris tracking points. Thus zones I and J were utilised less at low-tide relative
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to high-tide and the density reduction is true, not simply an artefact of tracking
ability.

4.3.2.2. N. brevirostris abundance distribution

Results with all aerial surveys showed the area of highest N. brevirostris estimated
density to be the most central zones E — J and O — P (Figure 90). The highest N.
brevirostris estimated density was recorded in zone F (6.5 NB/kmz) and the lowest in
zone Q (0.17; mean = 1.6 + 0.35 s.e.). Longlines A — D were subject to increasing
proximity to the central lagoon area from south to north. The Wildcard South (WS)
longline sets were outside of the aerial survey zones, therefore N. brevirostris
estimates were not present for this set area. The Wildcard North (WN) longline sets

were in relative close proximity to the central lagoon area.

N. brevirostris abundance distribution, based on historical tracking data, was again
greatest in the central area of the lagoon (Figure 93). Similar to N. brevirostris
estimated density; longlines A — D were in increased proximity to areas of high
abundance distribution from south to north, with longline D consistently set in very
close proximity to the area of highest abundance distribution, around the shallow
seagrass beds to the northeast of the central lagoon (Figure 94). Abundance
distribution varied relative to WS longline set location, with a number located
outside of the document habitat utilisation for sub-adult N. brevirostris. WN
longline set locations were, like longline D sets, in very close proximity to the area of
highest abundance distribution. Variation in N. brevirostris abundance showed
distinctly different distributions between high and low-tide (Figure 94 and 95). At
low-tide, relative to high, the area of greatest N. brevirostris abundance distribution
was considerably displaced to the east and west, which resulted in considerably
reduced N. brevirostris density in the central lagoon area. The shift in abundance
resulted in higher N. brevirostris abundance in close proximity to the longline set
area (Figure 93) during low-tide relative to high-tide. Thus encounter rates of N.
brevirostris with the longline gear would have been expected to be greater at low-
tide relative to high. The eastern extent of N. brevirostris was also greater at low-
tide than at high. For the 18 N. brevirostris for which exact capture times were
available, seven were captured at high-tide and 11 were captured at low-tide.
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Figure 90. Longline average hook locations relative to aerial survey data based N. brevirostris

zone density estimates
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Figure 91. N. brevirostris zone density estimates based on data from aerial surveys conducted at

high-tide
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Figure 92. N. brevirostris zone density estimates based on data from aerial surveys conducted at

low-tide
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Figure 93. Longline average hook location relative to complete N. brevirostris tracking point

density plot
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Figure 94. N. brevirostris CPUE by specific catch location, and shallow seagrass bed locations

(low density =-50 blades/m2; medium density = -75 blades/m2; high density =-150 blades/m?2),

relative to complete N. brevirostris tracking point density plot
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Figure 95. N. brevirostris high-tide catch locations relative to high-tide N. brevirostris tracking

point density plot
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Figure 96. N. brevirostris low-tide catch locations relative to low-tide N. brevirostris tracking

point density plot
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Of the seven high-tide N. brevirostris catches three were distributed to the south of
the lagoon mouth, outside of the documented N. brevirostris high-tide distribution,
and four to the north of the lagoon mouth (Figure 95). The four N. brevirostris
catches to the north of the lagoon mouth were distributed in relatively similar
proximity to the area of higher abundance distribution. Of the 11 low-tide N.
brevirostris catches, two groupings became apparent. The first to the south,
consisting of four N. brevirostris catches, two in close proximity to the identified N.
brevirostris abundance distribution and two in an area of lower abundance (Figure
96). The group to the north consisted of seven N. brevirostris catches all occurring

in close proximity to or in areas of high N. brevirostris abundance.

Total N. brevirostris abundance distribution, over all tidal states, showed the broader
area utilised within the N. brevirostris lagoon population’s home-ranges (Figure 94).
N. brevirostris abundance appeared to be spatially focused in central lagoon area.
The identification and plotting of key shallow seagrass beds appeared to coincide
with areas of elevated N. brevirostris abundance distribution. The plotting of N.
brevirostris CPUE by specific catch location showed CPUE to increase with

increasing proximity to areas of high N. brevirostris abundance.

4.3.3. Aerial survey based N. brevirostris abundance estimates

4.3.3.1. Monthly N. brevirostris abundance estimate variations

N. brevirostris population estimates, based on the results of eight aerial surveys
conducted from September 2007 — September 2008, varied from 16 individuals in
March 2008 to 88 individuals in September 2008 (Figure 97). The mean N.
brevirostris abundance estimate for the entire period was 52 individuals (+ 9.2 s.e.).
When considered by month from September 2007 - July 2008 (Figure 98),
population estimates appeared to vary in accordance to mean water temperature. A
significant correlation between all eight survey N. brevirostris abundance estimates
and mean monthly temperature was observed (r = 0.78, n = 8, P < 0.05; Figure 99).
However, there was no significant relationship found for monthly CPUE with

monthly populatioh estimates (r = 0.59, n = §, P > 0.05).
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Figure 97. N. brevirostris abundance estimates for months aerial surveys were conducted
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Figure 99. Mean monthly water temperature vs N. brevirostris abundance estimate

43.3.2. Annual N. brevirostris abundance estimates

Based on CPUE (0.006) relative to the mean N. brevirostris abundance estimate in
2008 (52 individuals), Bimini lagoon N. brevirostris abundance estimates from 1982
- 2008 ranged from 0 individuals in 1993 to 222 individuals in 2000 (Table 7). This
resulted in a mean abundance estimate for the entire 27 year research period of 114
(+ 12.2 s.e.) individual N. brevirostris present in the Bimini lagoon population in any
given year. The N. brevirostris abundance estimate for 2008 was less than half
(46%) of the temporal mean. Relative to the temporal mean abundance estimates
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