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SUMMARY

Loggerhead sea turtle€dretta carettqa can be found worldwide, inhabiting
tropical and subtropical coastal waters. The loggerhesdciassified as an endangered
species and placed on the International Union for Geatien of Nature and Natural
Resources (IUCN) Red List in 1996 (IUCN 2006).The problematgele mortality as
a result of collisions with vessels is of incregstoncern, especially in the southeastern
United States, where increased development along thesgeaslts in increased
recreational boat traffic. In the United States,gbecentage of strandings that were
attributed to vessel strikes has increased from approXiniéos in the 1980’s to a
record high of 20.5% in 2004 (NMFS 2007).

This report presents results from field experiments desido investigate the
ways in which loggerhead sea turtles are injured in bobgiook, and the effectiveness
of several mitigation options for reducing the riskatf interactions. In order to
conduct these field experiments, a synthetic sea tatkpace was designed and built
that approximated the structural behavior of a biologicaksele carapace. Hodges
(2008) quantified the material strength properties of loggedrkea turtle carapaces.
From these results, it was determined that the targetrgder for simulating tensile
strength in a synthetic carapace should be force pewudih of sample. Hodges
designed and constructed an artificial carapace made qiosie material for use in
controlled experiments.

Modifications were made to the design proposed by Ho®&§$3] to facilitate

rapid construction. Several designs were tested usenfptce per unit width as the
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target strength parameter and compared to the strentjte biological carapace. Tests
on the design ultimately adopted showed a force per udih\i7.6% stronger than the
biological carapace. The composite material beinghgéothan the biological carapace
means the testing will result in conservative repofdamage. Once the design and
construction methods were finalized, approximately 60 aidlfcarapaces were
fabricated for field testing. A frame, weighting scleeamd buoyancy unit were designed
and fabricated so that each test carapace floated @rpacaft and had realistic specific
gravity and weight.

Field testing procedures were designed to investigate thermce of a) boat
speed, b) animal position in the water column, and €3elgropulsion system on the
severity of vessel collisions on turtles. All expeeims were done with small (<6 min
length) vessels. Boat/sea turtle collisions were Eited by placing a test specimen (a
synthetic carapace attached to a test frame) in therwalumn and striking it with the
vessel. The speeds considered were idle (7 km/h), samoagl(14 km/h), and planing
(40 km/hr). The two animal positions in the water columene 1) at the water surface
and 2) at “prop depth” (depth to the center of the propkliéron the standard outboard
motor). Five propulsion options were tested: 1) a staholatboard motor, 2) a standard
outboard motor with Hydroshield® propeller guard 3) a standatidoard motor with
Prop Buddy® propeller guard, 4) a jet outboard motor and 5)@ggeklled personal
watercraft, often referred to generically as a “let. sThe experiments typically included
five trials per test configuration.

Catastrophic (presumably fatal) damage was defined to adenm any damage

penetrated the carapace. Small wounds (< 4 cm in lealgtigy the sides or rear of the
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artificial carapace, where the shell and bone extendrakthe edge of the body cavity,
were not classified as catastrophic This definition uwsed to classify the effectiveness
of the various mitigation options.

Results indicate that reducing the speed of the veshates the odds of severe
damage to the animals. Of all of the tests performedtivglstandard outboard motor
(including tests with propeller guards installed), 25% o$éhperformed at idle speed
resulted in catastrophic damage, compared to 100% for plapéegl tests. The two
tested propeller guards both modified the type of damage tanimal when compared to
similar tests with the standard motor configuration,thay only slightly reduced the risk
of catastrophic damage. At idle speed, with propeller guatdlled, 10% of the tests
resulted in catastrophic damage. The corresponding nudorttde standard motor was
40%. At planing speed, 100% of the tests resulted in catastrdgumage, with or
without the propeller guard.

No catastrophic injuries were observed during testing df jgbfpropulsion
systems (jet outboard and jet ski) at any speed dhdephe water column. Both feature
a much smaller draft than the standard outboard, whsthtsan little chance of striking
an animal below the surface. And both the jet outbaad the jet-powered watercraft
feature water intakes that are relatively smooth apeéared to slide across the animal
with minimal damage to the carapace when the modelednwas floating on the surface.

The experiments described here involved a limited rangpelb€onfigurations;
results may be different for hulls or propulsion syss$ drastically different than those

tested here. But the results obtained indicate thapegunt, in the form of the boat’s
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propulsion system, and the mode in which it is used botheptale in defining the risk

of boats to turtles in the field.

XVi



CHAPTER 1

INTRODUCTION

Loggerhead sea turtle€dretta carettq can be found worldwide, inhabiting
tropical and subtropical coastal waters. They have bbserved in the western Atlantic
from Newfoundland to Argentina (Plotkin 1995). In the Uni&tdtes, their primary
nesting habitat includes beaches from North Carolireuth Florida. The loggerhead
forages in nearshore, estuarine environments and reprdautaesng eggs on beaches
(Ernst et al. 1994). Adults have an average carapace lehgthcm and an average mass
of 115 kg (Plotkin 1995). Age to maturity is influenced by many factoch as food
quality and quantity and average water temperature. Dempadithese factors, female
loggerhead turtles may reach maturity between 10 and 30 yadr&s many as 32 years
of reproductive activity afterwards (Plotkin 1995).

Anthropogenic effects on sea turtle population and rikyreae well documented
in the literature. The loggerhead was classified asxdargered species and placed on
the International Union for Conservation of Nature Biadural Resources (IUCN) Red
List in 1996 (IUCN 2006). The recovery plan for the nortbivgtlantic population of the
loggerhead sea turtle (Caretta caretta) lists the rtiajeats to sea turtles in the U.S. as
destruction or alteration of nesting habitats, incidecapture in commercial or
recreational fishing gear, entanglement in marine dedmi$ vessel strikes (NMFS 2008).
Regulations have been enacted to attempt to reduce thenahtbrtles killed as
incidental bycatch in fisheries, and through entangleinemarine debris. Turtle

Excluder Devices (TEDs) are required in all shrimping lsaamd numerous studies have



been done to determine the effect of different hoplksy baits, and fishing locations on
sea turtle bycatch (Gilman et al. 2007, Zydelis et al. 2008).

While vessel strikes are a known cause of sea turtleahtgi(Magnuson et al.
1990), there have been few studies that focus solelyeoimtigraction between sea turtles
and marine vessels. Venizelos (1993) and Hazel (2006) studieffie¢beof recreational
vessels on the mortality rates of sea turtles irMbditerranean and off the coast of
Australia, respectively. Thomas et al. (2008) found that @8&e sea turtle strandings
on the Mediterranean coast of Spain were caused bwatiens with humans, with 9%
of the strandings a result of vessel strikes.

The problem of vessel strikes on sea turtles is of isargaconcern, especially in
the southeastern United States, where increased dewetbptong the coasts results in
increased recreational boat traffic. In the UnitedeStaihe percentage of strandings that
were attributed to vessel strikes has increased from apmaitedy 10% in the 1980’s to a
record high of 20.5% in 2004 (NMFS 2007). Many vessel strikes leae documented
in southeast Florida with as many as 60% of stranded lbggés displaying signs of
propeller-related injuries (NMFS 2007). Furthermore, 15% aftggle fatalities in
Georgia have been attributed to impacts of boats artdobopellers (M. Dodd, pers.
comm.).

The work that led to this report was completed in foamnphases:

1) Determination of material properties of natural loggedresa turtle carapace

material. This was done with material harvested framals that had been
stranded on Georgia beaches either dead or with injuriesstipaited

euthanization. A new testing procedure was designed fopltaise.



2) Design of a composite material with pertinent matgmaperties similar to a
natural loggerhead carapace.

3) Fabrication of a large number (~60) of artificial caxagsafor field testing.
Design and fabrication of a frame, weighting schenelaioyancy unit so
that the test specimen floats at proper draft and healiatic specific gravity
and weight.

4) Performance of a series of field tests to investigaanfluence of vessel
speed, propulsion system (including propeller guards and jesgiavel depth

in the water column on turtle injuries in boat strikes.

Phases 1) and 2) above were described in detail by Hodges (Fd@&es 3) and 4) will
be the primary focus of this thesis and are describedai dethe pages that follow. It
is hypothesized that increasing the speed of the vessalevédase the severity and
likelihood of fatal injuries resulting from sea turtldlisions with vessels. Additionally,
the severity and likelihood of fatal injury will be infloeed by the configuration and type
of propulsion system used in each test. Animal positidhe water column is
hypothesized to have little influence on the severitketinood of fatal injury,

assuming that the animal is impacted by the vessel.



CHAPTER 2

LITERATURE REVIEW

Much work has been done examining the interaction twecreational vessels and
marine mammals including manatees and whales (Curran arrg 1888, George et al.
1994, Marmontel et al. 1997, Panigada et al. 2006, Douglas et al. Zo68)studies
have examined the interaction of recreational vesseglsea turtles. Of the work that
does exist, most studies focus on the number of turdedihgs as a result of vessel
strikes (Venizelos 1993, Hazel 2006, NMFS 2007). No studies investighe
influence of vessel strikes on the type and sevefitgjaries in sea turtles has been
found in the existing literature.

A reduction in recreational vessel speed was suggestediygelos (1993) after a
study found eight sea turtles stranded with evidence stVefrikes in Laganas Bay,
Greece in a single month. It was noted that only etiéra of sea turtles struck by vessels
are actually discovered, implying that the interactietwleen vessels and turtles may be
more detrimental to sea turtle populations than estamatéis is consistent with findings
by Hart et.al. (2006) on probability of sea turtles killéidlmore reaching the coast. This
study used sea turtle stranding data and drift bottle datay with results from an
oceanographic model, to determine the probability that susiakilled offshore would
eventually reach the coast. The study concluded thabapmately 20% of turtles killed
would reach the coast within two weeks of death. Theoasithote that the probability
varies with temporal changes in winds and currents dsawepatial differences

(location along and distance from the coast).



After reviewing the stranding records in Queensland, AliafrHazel (2006)
expressed concern over increased boat traffic, suggeswould have a negative impact
on the effectiveness of mitigation programs intendgurétect sea turtles. It was
discovered that a minimum of sixty-five sea turtlesendlled annually as a result of
boat strikes off the coast of Australia. Adult gread &]ggerhead turtles made up 72% of
the strandings recorded. This number is comparable toati#oh of mortalities
attributed to bycatch from fishing trawls prior to Austraiaiandatory introduction of
Turtle Excluder Devices. In a similar study, Orosle(2005) found that of the 93 sea
turtles stranded along the coast of the Canary Islapdsn Sver a 4-year period from
1998-2001, 23% of the stranded turtles died as a result of wirend$oat strikes.

Studies on sea turtle diving habits have shown that tuettesto make shallower
dives (< 1m depth) during the day in nearshore, foraginga@mments. Turtles have been
recorded spending up to six hours in these shallow divdsthe peak times being
around sunrise and sunset (Hazel et al. 2009). This divinyibelsgalso more common
during warmer months, corresponding with peak times andidmsafor recreational
vessel activity. This increased boat activity, alondntie turtle’s shallow position in
the water column, increases the chance of interabsbmeen turtles and vessels. Visual
observations suggest that sea turtles make only brief @pwesrat the surface, often
staying visible for less than two seconds. Even thely,tbe head is usually exposed.
This behavior could result in an increase in vessel stbkeause the turtle is not readily
visible to vessel operators.

Hazel (2007) conducted a study to evaluate the behavior tidles near an
approaching vessel. Data was collected for vessels apypngaea turtles at various

speeds in shallow water. The study indicated that aspied of the approaching vessel
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increased, the response of the turtle to avoid the Mésseeased. The author concluded
that vessels traveling faster than four km/hr couldrelyton the turtle to actively
respond to avoid a collision. ldle speed for many reanealtimotor vessels exceeds this
four km/hr speed limit, suggesting that in the majorityedsel strikes the animal
response to the approaching vessel will be essent@figxistent.

Hodges (2008) summarized loggerhead sea turtle strandirgs state of Georgia,
and classified the locations and types of vessel-relapgdes. The author examined
photographs of 110 sea turtles stranded in Georgia between2d@0@6. These
photographs were examined and the location of wounds andofealaaise of the
damage were recorded. The location of damage was divitetbur categories: front,
middle and rear third of the carapace and along the ritmeodarapace. Causes of the
injuries were defined as propeller, skeg, blunt object, ateténminate. Results
indicated that the highest number of observed wounds ectdure to a skeg impact to
the center of the carapace.

Hodges (2008) also tested natural loggerhead carapace natepitties, and
developed a synthetic composite to simulate the propatia biological carapace
(described in more detail in the next section). N@othsearch directly examining the
material properties of loggerhead turtle carapaces hasfbeed. However, many
studies have been conducted to quantify the material prapeftether biological
materials such as human and animal bones, or to inatsstige properties of biological
materials for inspiration in designing new constructionemals. Several of these studies
are reviewed below.

Recently there has been an increase in the devefgmhsynthetic materials that

mimic properties of biological materials. The struatumakeup of bamboo has been
6



studied, for example, because of the high strength tphiveatio displayed by the plant.
The findings showed that a double-helical structure wamapt for the development of
high strength composite materials (Li et-al. 1995). M#2605) investigated the high
strength of mollusk shells. The molecular structurmofiusks displays a brick and
mortar design. Models mimicking this structure (composexeidmic and organic
material) were subjected to mechanical testing, resuttiaggreater understanding of the
energy dissipation in this type of matrix.

Much of the testing of biological materials has focusedhe structural properties
of bone. Garita and Rapoff (2003) investigated the behatimnuman bone subjected to
static and cyclic loading to determine the optimum gepntbeat maximizes strength
while minimizing weight. The findings suggested that a Hiwematerial with varying
densities displayed twice the strength of homogeneowsriadagubjected to identical
loading. This could be beneficial in engineering structdigslaying discontinuities.

Traditional methods for testing materials may notfygieable to the testing of
biological samples, due to their non-homogeneity. Imebthis non-homogeneity is a
result of collagen and elastic fibers, and can varyasehe age, diet, and lifestyle of
the biological specimen (Karchin 2004). Biological seespften require testing in
different orientations to determine elastic constamsgplanes of symmetry
(transversely isotropic-orthotropic) (An and Draughn 199®nsile testing poses an
additional problem, as the biological sample will ofsdip from the grips of the
tensometer resulting in errors in computed strain andufos values (Milthorpe et al.
1987). Hodges (2008) developed specialized tabs to solve this priolleentensile
testing of loggerhead turtle carapace samples by seaéirgathple coupon in epoxy

contained in a PVC cap and attaching steel tabs to be giyypbe tensometer.
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Currey (1984) tested the bones of several species to svéheaeffects of
varying mineralization on the strength properties of bofdse author noted that most
strength testing on bones is performed by applying a fortiee specimen at low
displacement rates. However, this may not repréeentonditions of bones breaking in
nature due to the rapid absorption of a large amount ofikieeergy. The author also
argued that the carefully prepared samples used in striesgittg may not contain the
same natural imperfections that are found in animal haviesre most breaks start. The
author suggested that these considerations be considezeccaimparing the behavior of
natural bones to strength testing data.

An additional problem with strength testing of the borseanal is that the
samples must be cut and/or milled and shaped to form eoi@sbn. Any burning
resulting from cutting and milling can significantly affébe structural mechanical
properties (An and Draughn 1999). Burstein et al (1976) used ajetaie reduce burn
damage to the sample. To mitigate the effects of burnindgés(2008) used a water
cooled circular saw to harvest the sample couponsdbtigerhead sea turtle carapaces.

The preparation and preservation of samples can désd #ie measured strength
of biological materials. An and Draughn (1999) determineduhpteserved human
bone samples exhibit a 3% decrease in elasticity 2dtéours. The author suggested
that samples be frozen and kept hydrated for proper longgerservation. Preservation
in a solution of 50% saline and 50% alcohol is recommenrmteshbrt-term preservation.
Hodges (2008) preserved the sample coupons cut from the logderd@paces in the
saline-alcohol solution mentioned above to reduce detaaargrior to testing.

Because vessel-related injuries to manatees accounted farfZzdPmanatee

deaths in Florida between 1974 and 2006, Clifton et al. (200&tigaéed the effect of
8



boat strikes on manatee bones. Manatee rib bonesswbjected to three point flexural
tests and the strength values were determined. Manaes bre unique because they
are thicker than bones of other mammals. Howewead determined that this increase
in thickness did not translate to an increase in sthegugdl this lack of strength in

manatee bones made the animal more susceptible tanfatas from vessel strikes.



CHAPTER 3

SYNTHETIC CARAPACE DESIGN

As noted above, an earlier phase of the work descrieetihvolved a series of
laboratory tests performed at Georgia Tech’s Savannapusata quantify the tensile
strength of a loggerhead turtle carapace. These tefisresue used in the development
of a synthetic carapace with matching characterigtiosiges 2008). That original design
was modified slightly to facilitate the production ofttepecimens to be used in field
tests described here. The experimental designs weed @t compared to the strength
of the biological carapace to create a design thabappates the target material
properties of the biological carapace. The followingtisas describe the construction
and testing of the artificial carapace. The originatkymerformed to characterize the

natural material is summarized in the interests atfioaity and clarity.

3.1 Strength Testing of Biological Carapace
Three loggerhead carapaces were obtained from the G&wpatment of

Natural Resources to determine the mechanical propeftiee natural material. The
loggerhead carapaces were representative of the mostaosize class that is found
stranded on Georgia beaches with boat collision injuaipprox. 65cm curved carapace
length). From these carapaces, sample coupons weestet, both transverse and
longitudinal to the spine. The tensile and flexural progeiof the loggerhead carapace
were determined through experimental investigation of thas®les. These tests were

performed using a screw-type load testing device. As there specified ASTM testing
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procedure for loggerhead carapace material, the tenstiegg@rocedure used by Hodges
(2008) was based on ASTM D 3039 — Standard Test Method forld &meperties of
Polymer Matrix Composite Materials. Likewise, all fleal tests were based on ASTM D
790 — Standard Test Method for Flexural Properties of Utuneied Plastics and
Electrical Insulating Materials. The carapace mateiaomposed of minerals and
fibrous collagen, and thus bears some similarity to made composite materials, from

a structural standpoint.

Figure 3.1. Screw type load testing device used for testsdagth testing.

The primary mechanical properties of interest avail&ble the tensile tests were

ultimate tensile strength, tensile strength at fajlarel modulus of elasticity. The

11



flexural tests provided definition of the modulus of ruptimeximum flexural stress),
flexural strain at failure, and flexural modulus. Restuttign the tests revealed that the
modulus of rupture and bending modulus from the flexurad teste significantly larger
than the ultimate strength and the elastic modulugpoted during tensile testing.
Because it is not possible to mimic all of the mechaiind geometrical
properties of a biological carapace with synthetic cattpanaterial, Hodges (2008)
analyzed the effect of the geometrical properties endhsile strength of the biological
material. This analysis indicated that the thickndé$keobiological sample does not
have a significant influence on tensile load capaditye sample. Therefore, it was
concluded that force per unit width at failure should bedhget value when simulating
tensile failure of a carapace. The use of force pemidth in place of ultimate strength
allowed for varying the thickness of the synthetic pac& in order to replicate the tensile
force required to rupture a biological carapace. Thidwsatageous in the synthetic
carapace design since the tensile strength per unit tisgkrie typical composite
material is generally much higher than that of a lgmwlal carapace. Therefore the tensile
strength of the biological carapace can only be achieitddcomposite materials using a
much thinner sample. This allows a higher strength cotgoogiterial to be reduced in
thickness in order to simulate the force at failurénefbiological material. Table 3.1

lists the target tensile properties obtained from thégical test results.
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Table 3.1. Tensile material properties of natural loggerhedle carapace, averaged

from tests of the three biological carapaces (Hodges, 2008)
Original .
orientation Ult. Tensile Modulus St;?m Ult. Force /
of coupon | Strength (kPa) | (MPa) Eailure Width (N/cm)
in carapace
Longitudinal 3810 328 2.60% 359
Transverse 4340 295 2.90% 457
Overall 4080 312 2.80% 408

3.2 Fabrication and Strength Testing of Original Prototype
Using the results shown in Table 3.1, Hodges (2008) constiacsynthetic carapace
using a single layer of E-glass, polyester fiber-reinfdygolymeric fabric weighing 305
grams per square meter of material. The fabric wadhetgeometry of the loggerhead
turtle carapace mold, and polyester resin was infused thibugingitudinal ridges were
added over the entire carapace to increase structuddyid he resulting force per unit
width at failure of the synthetic carapace was caledl#o differ from force per unit
width at failure of the natural carapace by an averagd ©8%. Ultimate force per unit
width within 10% deviation from the force per unit width od thiological carapace was
chosen as the target value. Table 3.2 shows a compafisieese results, and Figure 3.2

shows the synthetic carapace alongside the biologacapace used as the mold.
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Figure 3.2. Left: loggerhead sea turtle carapace afteg fibed and smoothed. Right:
original prototype of synthetic carapace, with longitublirdges to increase stiffness
against bending.

3.3 Modified Designs and Strength Testing

Production of the design proposed by Hodges (2008) proved tm Ihienie
consuming and labor intensive to allow completion ofrthber of synthetic carapaces
needed for field testing in the available time. Sonanges were incorporated to allow
more rapid fabrication while still providing a close appnaiion of the natural material.

To fabricate the test carapaces, a mold was madetfr@imological carapace
used by Hodges (2008) by adding a layer of fiberglass mat topkele of the carapace.
The fiberglass was trimmed to the size of the origiaeapace and polyester resin was
applied to the mat and was allowed to harden over a permtdenst 24 hours in a
heated curing area. The fiberglass mold was removedtfrerrarapace and the
biological carapace was returned to the freezer. bleediass mold was then turned

over (concave up) and its sides supported to prevent deformiedm flexing during the
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application of expanding foam. The mold was then fieth expanding foam, until the
foam expanded an inch or two above the edge of the fasghold. The foam
stabilized the mold and prevented it from deforming whilekivgy on it. This process
was repeated until 5 molds were created so that mudigzkgpaces could be constructed

simultaneously. Figure 3.3 shows a mold used in fabricaticynthetic carapaces.

Figure 3.3. A mold used to construct synthetic carapaces.

The first material system tested consisted of desilager of 229 gram per square
meter fiberglass mat cut to fit over the mold. Therfitesss mat was infused with
polyester resin and tested for mechanical properties @fring. This design proved to be
33% weaker than the target ultimate force per unit widtindthe same procedure,

another synthetic carapace consisting of a singkr lafy458 gram per square meter
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fiberglass mat was created using the same procedurecarhjzace proved to have a
force per unit width 28.4% higher than the target value.

The next material design consisted of a double laydreo229 gram per square
meter fiberglass mat. One layer of the fiberglassweet cut to fit over the mold and
infused with polyester resin. Once that layer had cuhedsecond layer of the fiberglass
cloth was positioned on top of the first and infusethwesin. Testing of the mechanical
properties showed this design to be 28.2 % stronger leaiatget material, in terms of
force per unit width.

The final material design consisted of two layers of @29n per square meter
fiberglass mat separated by a layer of 2 mm thick Corerf@t®opped fiber polyester
fabric used to add stiffness to laminates, primarily byeiasing thickness, and thus area
moment of inertia). The design and production detailsleseribed in detail below.

This design increased the rigidity of the syntheti@pace as a whole, while bringing the
force per unit width at failure closer to the target valm internal rib structure was also
added to the layer on the underside of the carapace toumgre structural rigidity of

the carapace as a whole, without modifying the tensigmgth significantly.

Initial tensile strength testing of this new designaatied a force per unit width at
failure within +10% of that of the biological carapadesrefore this design was used in
the fabrication of the synthetic carapaces usedddd festing. However, additional tests
resulted in an average force per unit width of 17.6% hidteer that of the target value.
This was most likely due to variability during the productimacess and the continued
curing of the resin over time. These results inditaae the Coremat® spacer decreased
the force per unit width compared to the double layer 229 §bmmglass and the single

layer 458 gram fiberglass. This brought the strength odélseyn closer to the target
16



value while increasing the structural rigidity needed tbebeepresent the overall

physical characteristics a biological carapace. Thaléestrength of each of the designs

is compared to the target values in Table 3.2. A reprapenstress — strain curve from

tensile strength tests performed on this material corgtgur is shown in Figure 3.4.

Table 3.2. Comparison of strength results for synthetiapace design and biological

samples.
Ult. Force / Width | . Number of | Standard
Carapace (N/cm) % Difference Samples | Deviation
Biological 408 60

Original Prototype 452 10.8 10 15.8
Single Layer 229 gram 273 33.1 5 51.8
Single Layer 458 gram 524 28.4 5 138.4
Double Layer229 granf 523 28.2 5 60.6

Two Layer of 229 gram 480 176 30 85 8

with Coremat ® spacer
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Figure 3.4. Tensile stress-strain curve for a repraseatsample of the double-layer 229

gram fiberglass mat with Coremat® spacer.

This final design resulted in a synthetic carapacedisalayed an ultimate force
per unit width close to that of the biological carapa€gure 3.5 shows a cross-section
diagram of the components of the final design. A sigside comparison of the original
synthetic carapace designed and fabricated by Hodges (2008)edintht design of the

synthetic carapace used in field testing is shown in Figuée
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229 g/m? fiberglass mat 2 mm Coremat® spacer

Internalribs
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10cm

Figure 3.5. Cross section diagram of final carapace desigra 2 mm Coremat®
spacer between two layers of 229 gram per square metgyldibemat and internal rib
structure.

Figure 3.6. Left: prototype synthetic carapace. Right: gfitisea turtle carapace
featuring a layer of fiberglass cloth on each sida Gbremat® spacer used for sea turtle/
boat collision testing.
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3.4 Detailed Description of Synthetic Design and Production.

The first step was to wrap the molds in cellophanactas a release agent. Once
the release agent was in place, the topside of tie was sprayed with a commercially
available spray adhesive (Figure 3.7). The spray adhess/esea to keep the
Coremat® layer in place while the polyester resin agdied. A single layer of
Coremat® was laid on the mold and trimmed so that it avtayl flat on the mold and
form a single layer over the entire carapace, stopgipgoaimately 1.5 centimeters
beyond the edge of the mold. Once the Coremat® was®l287 cubic centimeters of
polyester resin were mixed according to instructionsgyepligment was added to
increase visibility during testing), applied to the top @ @oremat®, and brushed on
evenly so that all of the resin was absorbed by therGat® (Figure 3.8). Next, an
approximately 1 square meter piece of fiberglass mat vaasglon the Coremat® and
trimmed so that it would lay flat on the carapace, fagwa single layer of fiberglass that
covered the carapace and extended past the end of the&@r layer to the edge of the
mold. Once the fiberglass was in place, another 23 calitimeters of polyester resin
was mixed and applied to the fiberglass. The resin wabkduiusn and spread out to
evenly cover the entire fiberglass layer (Figure 3.8)cehe fiberglass layer had been
completely covered, the mold was transferred to thaguwiea and allowed to cure at

elevated temperatures for a period of at least 24 hours.
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Figure 3.7 Left: carapace mold covered in cellophane wrapttas a release agent.
Right: spray adhesive being applied to the mold prior to apjlicat the Coremat®
layer.

Figure 3.8. Left: Resin being applied to the Coremat® lafgght: Resin being applied
to the first layer of fiberglass over the Coremat®.

After at least 24 hours had passed, the mold was retriewadhe curing area
and the fiberglass carapace was removed from the malg.exXcess cellophane attached
to the carapace was trimmed off and spray adhesiveppdiscto the underside of the
artificial carapace. Then a length of 1.6 centimetameter foam rod (commonly used
and referred to as backer rod) was cut to fit arounditihefrthe carapace, approx 1.5
centimeters inside the edge of the Coremat® layer (FB®e A second length of 1.6

centimeter foam backer rod was cut the length of aackpl along the longitudinal axis

21



of the carapace to act as a spine (Figure 3.9). Then &méte3 centimeter diameter
backer rod were cut to length and placed in at approximatglgl distances along the
spine, running from the spine to the backer rod around thaatimg as rib structures
(Figure 3.9).

Once the ribs were in place, one layer of 229 gram fiassgnat was placed over
the ribs. This was done by either placing a large @mederimming as needed to create
one layer, or using large scrap pieces and fitting thenthegand trimming to create a
single layer of fiberglass to cover the ribs (Figure 3.18bng the edge, the fiberglass
layer was extended past the Coremat® to be even withréwv@us fiberglass layer.
Once the ribs and fiberglass were in place, another @3¢ centimeters of resin were
mixed and the resin was spread over the interior o¢ah@pace, completely coating the
fiberglass (Figure 3.10). Care was taken to not let the pes! in the “bottom” of the

overturned carapace and to ensure the resin was disttibatevenly as possible.

Figure 3.9. Left: backer rod being applied around the rimaéomy the longitudinal
center of the underside of the carapace. Right: baokidoeing cut and placed on the
underside of the carapace from the center to the rim.
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Figure 3.10. Left: fiberglass mat cut and placed overilthgtructure. Right: resin being
applied to the fiberglass on the underside of the carapace.

Once the resin was applied, the carapaces were kept dpsiheand placed into
the curing area and allowed to cure for at least 24 hdtolowing curing, any excess
fiberglass was trimmed from the edge of the carapacéhanchrapace was considered
complete. This process was repeated until the approxin@edynthetic carapaces
needed for field testing were complete. Periodicallgpmpleted carapace was set aside
(six total) and subjected to strength testing to asseréatiricated carapaces

demonstrated the desired strength characteristics.
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CHAPTER 4

DESIGN OF FIELD EXPERIMENTS

The field experimental program required the design anic&ion of
approximately 60 synthetic carapaces as described previosisigllaas a frame upon
which to attach the carapace. A matrix of tests tpdyérmed in the field was also
developed, examining the effects of varying motor configunaspeed and depth of the
model animal on the injuries experienced by the model cegapaccelerometers were
attached to each frame and video recording of each tegiesasmed. This chapter

provides the details of this process.

4.1 Frame Design

A frame was constructed to support the artificial carapfaecdseld testing. The
frame had to be strong enough to support the artificial cegapaa manner similar to the
body of an actual turtle, and have a similar size anghwein addition, for practical
reasons, the turtle frame needed to be easily repairatile field, and not so rigid as to
damage the boat or motor used during testing. Measuremadesofisea turtles being
rehabilitated at the Georgia Sea Turtle Center of sirsiize to the shells being used in
testing and data from the literature (Hochscheid ét0813) indicated that the frame
needed to weigh approximately 27 kilograms and be positinedyant such that less
than half the height of the carapace would be abovevdher surface when floating at

rest.
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A frame was constructed of 2.5 cm diameter PVC pipe aagped in closed-cell
foam flotation material as shown in Figure 4.1. The Rces were connected with
common slip type couplings, and attached using sheet mgtaktzews through the
couplings to hold the PVC frame together. This alloweddpid repair of broken frames
in the field while maintaining buoyancy of the PVC frarAgached to the PVC frame
with stainless steel hose clamps was a 12 mm-thick pfgagweood, cut to the shape of
the frame. Seventeen kilograms of lead dive weighte awtached to the plywood with
stainless steel hose clamps to add the necessaritw@idne frame. A piece of flotation
foam, molded to the shape of the carapace, was tibe top of the frame above the
wood with small rope. Three kilograms of lead weight wadse added to the head piece
to balance the model animal and allow the frame to sl in the water. Due to slight
variations between each frame and buoyancy unit, feacte was tested to ensure the
proper buoyancy, with slight weight and flotation chesx\ghade as needed. Five holes
were drilled along the perimeter of the carapace (otteeatear, one on each side and one
at each shoulder) and the carapace attached to the fhaough these holes with plastic
ties. Periodically, frames were damaged during testidghad to be repaired in the field
before being re-deployed. Photos showing the frame,higeignd buoyancy unit can be

seen in Figure 4.1.
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Figure 4.1. Left: Underside of frame showing PVC frameights, flotation and head
piece. Right: Broken frame being repaired in the fieldhylancy unit can be seen on top
of frame.
4.2 Development of the Test Matrix

The testing procedures were designed to investigate themc# of a) boat
speed, b) animal position in the water column, and s3elgropulsion system on the
frequency of fatal wounds in sea turtles during boat emfiss Boat/sea turtle collisions
were simulated by placing a test specimen (a syntheapaee attached to a test frame)
in the water column and striking it with a small vés$ée various configurations of the
tests are described below and summarized in Table 4.1.

The effect of different propulsion systems and propellerdgsaere examined.
The standard configuration was a Honda® 90 horsepower fakestutboard motor on
a 5.8 m Carolina Skiff®, which features a nearly planateuside and planes at speed.
Two commercially available propeller guards were testetthisrboat. The
“Hydroshield®” is a small fin that is attached to the anatkeg just below the propeller.
The “Prop Buddy®” is a large steel cage that attachésetéoot of the motor and
encloses the propeller. The outboard motor used arptdpeller guards tested can be

seen in Figure 4.2.
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Figure 4.2. Left: outboard motor on the Carolina SRifjht: Propeller guards clockwise
from upper left, Fishing line guard, Prop Buddy®, Hydroshield®. Rgltine guard was
not used during these tests.

A Mercury® 80 horsepower jet drive outboard motor was aisanted on the
Carolina Skiff® for one series of tests (Figure 4.3). #weo test series featured a 130 hp
Sea Doo® personal watercraft (PWC, referred to heredypame commonly assigned to
this class of vessels: “jet ski”) shown in Figure 4.8c&use the jet drive motor had
already been installed on the Carolina Skiff by thestilve decision was made to do a
series of “floater” tests in which the animal floategher in the water column, a 5.2 m

Boston Whaler with a 90 hp Honda outboard motor with stanplepeller was used for

this test series (described below).

Figure 4.3. Left: Foot of jet outboard motor. Right: Bea® "jet ski" used for tests.
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Three speeds were chosen for testing: idle, sub-plaampplaning. Idle speed is
when the motor is in gear but idling. This is the sldveelsoat can steadily travel and is
most commonly used near marinas and when passing throwgiWake” zones. The idle
speed of the Carolina skiff with the outboard and no prepgliard was approximately 7
km/hr. This speed was used as “idle speed” for all othéomeonfigurations and
propulsion types.

Planing is defined as the condition where a boat skintsat¢he water with only
a small portion of the hull in the water. A planing spe€d0 km/hr was chosen for the
field tests.

Sub-planing is defined as a speed just below the minimamng speed. As a
vessel goes from idle to planing, or vice versa, it wilgohrough a sub-planing speed,
where fuel consumption per distance travelled is tylyicatich higher, and wake
production is maximized, at least for the small vessetsidered here. Therefore, most
recreational boaters spend very little time travelingud-planing speed, as defined here.
For the field tests, the vessel was moving at approximatekm/hr when at sub-planing
speed.

The turtles were placed at two different depths in tatkewcolumn: at the surface
and at propeller depth. As noted above, sea turtles gfftamd most of the day foraging in
shallow, nearshore areas and have been observed moweehdhe surface and
shallow depths of less than one meter. Because oféh@vior, the chance of interaction
with recreational vessels is increased. For a suté&stethe animal was tethered to an
anchor to maintain horizontal position, but allowedlbat, resulting in about half the

carapace visible above the surface. For tests at progefih, the top of the carapace
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was positioned 48 cm below the water surface (the depkie toenter of the propeller
measured with the boat at rest).

Deceased animals often fill with gas as a result obehposition and float at the
surface with the majority of the animal’s carapaceblesabove the surface. To simulate
these conditions, all but nine kilograms of lead weiglgse removed from the frame,
and all the weight was removed from the head piectow & to float with almost the
entire carapace above the water surface. Theseatestsferred to as “floater” tests. The
purpose of these tests were to determine if a dead flpsea turtle carcass could sustain

injuries similar to those seen on stranded sea turtles.
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Table 4.1. Propulsion system, speed, and animal placem#rguwations for field tests.
“Standard” propulsion system means conventional outbmatdr with propeller and no
guard. Hydroshield® and Prop Buddy® are two types of guards attéeistandard
outboard motor. Idle speed is defined at 7 km/hr, sub-plasibg km/hr, and planing is
40 km/hr. Prop depth means depth to the center of the fmomblen at rest.

Test Propulsion . . Number
Series Vessel System Animal Position Speed of trials
1 Carolina Skiff Standard Surface Idle 5
2 Carolina Skiff Standard Prop Depth Idle 5
3 Carolina Skiff Standard Surface Sub-Planing 11
4 Carolina Skiff Standard Prop Depth Sub-Planing 5
5 Carolina Skiff Standard Surface Planing 5
6 Carolina Skiff Standard Prop Depth Planing 5
7 Carolina Skiff | Hydroshield® Prop Depth Idle 5
8 Carolina Skiff | Hydroshield® Prop Depth Planing 5
9 Carolina Skiff | Prop Buddy® Prop Depth Idle 5
10 Carolina Skiff | Prop Buddy® Prop Depth Planing 4
11 Carolina Skiff Jet Outboard Surface Idle 5
12 Carolina Skiff Jet Outboard Prop Depth Idle 5
13 Carolina Skiff Jet Outboard Surface Planing 5
14 Carolina Skiff Jet Outboard Prop Depth Planing 5
15 Sea Doo Inboard Jet Surface Idle 5
16 Sea Doo Inboard Jet Prop Depth Idle 5
17 Sea Doo Inboard Jet Surface Planing 5
18 Sea Doo Inboard Jet Prop Depth Planing 5
19 Boston Whaler Standard Floater (surface) Planing 5

4.3 Testing Procedures
A suitable site was needed to perform the field tests.sltk needed to be
relatively shallow and have a sandy bottom to allagyeaccess for workers to deploy

and retrieve animals before and after testing. Absehtigab and wave effects was also
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preferred to reduce the number of variables and makedtmeg@rocedures safer and
easier. Most suitable sites along the coast were mthadfic areas with swimmers or
recreational boaters, and strong tidal effects, aneé werefore deemed unsafe for the
tests.

Most inland lakes and ponds in the area are privately oamegermission to use
these sites could not be readily acquired. Permissasngranted by Effingham County,
Georgia, to perform field tests in an abandoned sand quarmgdby the county. This
spot was remote, off-limits to the general public, afasdd relatively easy access to
deploy the models.

To deploy the animals at the proper depth, an anchor wasyddpht a water
depth of approximately three meters. A length of nylonwas run from the shore
through a pulley attached to the anchor. The end ofrtbemvas attached to a bridle on
the bottom of the frame (made of 50-pound test fishing lm&Hich the turtle carapace
was attached. This allowed the location (horizontdl\artical) of the test sample to be
maintained from the shore. Slight tension was kepherime throughout the test to keep
the animal in place, with care taken not to resthetmovement of the animal at the
moment of impact any more than necessary. For the pgogdebth tests, two lengths of
fishing line with fishing floats positioned at the proper léngere attached to the top of
the carapace. The animal was pulled under water uatflahts were at the surface and
held at that depth throughout the test. Once the @stcamplete, the animal was
retrieved and a new carapace and frame was deployedladssfor the next test. Figure
4.4 shows the design of model animal deployment and Figuishdviss a test specimen

deployed awaiting the start of a test and a damaged carbpeny retrieved.
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Figure 4.4. Model animal positioning for surface and propellerhdests.

Figure 4.5. Left: a synthetic sea turtle carapace amcefideployed for a “surface” test.
Right: a damaged carapace and frame retrieved afteutest
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Performance of the field tests required eight peopleny cat all of the required
tasks. Two people were positioned in the boat, a hmatitor and an observer in the
bow of the boat to record the orientation of the Bpen as the boat approached. It was
found to be beneficial that two people work togetherpmtsnen deployment, retrieval,
and position in the water column during the tests. Twditiadal people were in charge
of frame repair, preparation of models prior to deploynfattching the carapace to the
frame), and attachment, activation, and downloading data tihe accelerometers
attached to the frame. One person was charged withadatgr and one person was
responsible for photographing carapace damage upon retriesgg@men and video

recording of the tests.

4.4 Data Collection

A variety of data types were collected from each tHse position and orientation
of the test sample relative to the boat at the ihsthoollision was noted and recorded. A
numerical code was used to record the turtle oriemaisothe boat approached. The
positions were numbered from one at the head, clockwisend to four on the left side
(Figure 4.6). For example, if the boat was approaching timshfiom behind, the boat
orientation would be recorded as “three”. Combinationlmensiwere used (i.e. 1-2) if the
boat approached between two of the numbered positiorsn®@menclature was also
used in describing the position of wounds found on the cazafawe the carapace was
retrieved, it was photographed and any damage noted on a eetalte data sheet used

can be found in Appendix B.
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Figure 4.6. Orientation codes used to describe the str&etibin of the boat and the
location of damage to the carapace.

Accelerometers were attached to the frame to recorthtbe-axis acceleration of
the model during the tests. Data from these accelerosratald be used to determine
position and force experienced by the animal during vesgeldt. To help determine the
rotation and motion of the test specimen during impact,®nset HOBO Pendant G®
data loggers were attached to the test frame; one reeae#ldl and one near the center of
mass. These loggers were set to sample at 100 Hzjral@seconds of data to be
recorded per test.

Video records of most tests were recorded from a captesiioned on shore near
the test site. The distance of the camera fronatin@al during tests, and the fact that the
specimen was under the boat and out of view at tinnapct limited the usefulness of
the video data. Underwater video was attempted, but thielityrof the water, along
with the steep slope of the ground at the test siteerfiBuing underwater impossible

with the available equipment.
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CHAPTER 5

RESULTS FROM FIELD EXPERIMENTS

The primary hypothesis defined for investigation via the stigdbgribed here is: Does
the type of propulsion system, presence of propeller guard®at speed influence
frequency of fatal injuries in sea turtle strikes? Tdsts were performed with models,
and it is not possible to know with certainty wheth@asicular level of damage would
be fatal. But the photographs of real turtles killethaat strikes provide guidance.

A “catastrophic” injury is defined here as an injury withigh likelihood of fatality.
Any wound that penetrated the carapace was consideretiroptac since any
penetration of the carapace generally results inahgpoomise of the coelomic cavity
resulting in infection and ultimately death (M. Dodd,p@omm.). The exception is any
small slicing wounds on the margin or posterior ofdaeapace less than 4 cm in length.
In this case, the shell and bone extend beyond the edige bédy cavity and small
wounds in this area are less likely to penetrate thiecoe cavity (M. Dodd, pers.
comm.). It should be noted that the edge of the adlfearapace may be thinner, or
more brittle and prone to tearing, than the interiadshefmodel carapace, or the real
carapace. Laboratory testing did not include tests of sdgerial.

Several of the tests resulted in severe damage toatine f suggesting possible
injury to the animal, but displayed no damage to the carapat@e damage to the
frame was noted, the frame was not designed to matcbpaayfic structural
characteristics, and therefore any damage to only déineeficannot be positively

classified as catastrophic. Boat orientation (desdrib&hapter 4.4) was also recorded
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as the boat approached the test specimen. Theseéaizted in the following tables,
but the data were not analyzed for effects of oriesniatin damage type or severity.
The wounds on each model carapace were categorized usalgote criteria.
When damage to the carapace was observed, it was tymasadllel slicing wounds from
the propeller, blunt force wounds from the skeg or angile®e of the outboard motor
foot where a section of the carapace was torn awaycombination of the two.
Propeller wounds were measured as a straight distadde emd (not following the
sigmoid curve of the cut). These lengths were then sumonget ta total cut length for
each carapace. The composite material used in theetintarapaces has a tendency to
tear at 90 degree angles from the ends of propellertbetse areas were not included in
the quantification of the wound severity. Figure 5.1 shawgpical carapace with
propeller cuts, showing the cut from the propeller andgleng of the composite

material.
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Figure 5.1. Example of propeller cut wound observed during tEséssolid brackets
represent cut length measured. The dashed brackets shaveahef tearing of composite
material not included in the cut length calculations.

Section loss wounds from blunt force impact were medsamd the area lost was
approximated by fitting the measurements to basic geons#iajees. Figure 5.2 shows
examples of blunt force wounds observed. Columns 4 and &bile 5.1 show the length
of propeller cuts and/or the percentage of total areat®msdoss represents; column 6
indicates whether the wounds observed were charactaszeatastrophic. A complete
table of all tests along with comments collected endfita sheets can be found in
Appendix C. Photographs from all of the field experimeaypear in Appendix D.

Below, the results of each type of test are descrifedg with a discussion of

accelerometer data.
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Figure 5.2. Examples of blunt force wounds observed irstasples.

5.1. Standard Motor Configuration

5.1.1 Idle Speed, Surface

Results from tests performed with the standard motefigraration at idle speed
and the test specimen positioned at the surface showt ihaossible to penetrate the
carapace even at idle speed. Two of the trials showsitwleszrdamage or only minor
scrapes on top of the carapace, while other trials fimopeller wounds that penetrate
the carapace. The lengths of the propeller cuts totaleccfrOathd 11.7 cm for the two
damaged carapaces. These trials were considered catastrsiplgi the criteria specified
above. There was no area of blunt force impact eviddhese tests. Results from these
tests are shown in Table 5.1 and photographs of the casafested in this series are

shown in Figure 5.3.
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Table 5.1. Results from tests performed wgiidindard motor configuration, at
idle speed with test specimen at tlseirface “Total length of cuts” refers to total length
of cuts from parallel slicing wounds. “Percent of Tota¢&iDamaged” refers to
percentage of area damaged from blunt force wounds. “NACaes that type of injury
is not applicable to that trial. Wounds that were judgduktoatastrophic are indicated
with an “X.” Animal orientation defined in Figure 4.3.

it Percent of
| | SIS | AT | Toamea | cassiom
1 6.5 2-1 NA NA
2 7.0 4 11 NA X
3 6.5 3-4 5 NA X
4 6.6 3 NA NA
5 7.0 3-4 12 NA X

Figure 5.3. Model carapaces after tests wittmdard motor configuration, no propeller
guard,idle speed with the test specimen at therface Damage to the carapace is
circled in red.
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Idle Speed, Propeller Depth

With the model animal moved to propeller depth, threéefitve tests performed
at idle speed with the standard boat configuration rekuitao visible damage and a
fourth showed only minor damage along the edge. Howererteast displayed propeller
cuts that penetrated the carapace, the resulting wougthsewere greater than the 4 cm
required to be considered catastrophic. Results frone tiesss are shown in Table 5.2

and Figure 5.4.

Table 5.2. Results from tests performed wgitdindard motor configuration, idle speed
with model animal apropeller depth. See Table 5.1 for definition of terms.

(l:\lirri%aeie Speed (km/h) g;fﬁ:tgggrtw g??&ge?cig? 'Il?(irza(:le::e(z Catastrophic
Damaged
6 6.5 2 2 NA
7 6.2 4 NA NA
7 6.3 3 NA NA
8 6.4 4-1 NA NA
9 7.2 34 NA NA
10 6.6 1-2 15 NA X
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Figure 5.4. Results from tests witandard motor configuration, idle speed and
model atpropeller depth.

Sub-Planing Speed, Propeller Depth

At sub-planing speed, it was noticed that a large bow waseveaiuced. It is
suspected, although not directly observed, that this bowe wlaanged the attitude of the
animal as the boat approached. Despite this, the testt this speed with the model
animal at propeller depth and standard motor configuration,abthe five carapaces
received some type of damage to the carapace. Whildttheegt showed no visible
damage to the carapace, the frame from this test wagyddnsuggesting that the
attitude of the specimen was changed as the boat p&ssedge to the frame was noted
in two of the other tests from this group. Three offie carapaces tested received
damage that would be classified as a catastrophic injurgle a3 and Figure 5.5 show

results from these tests.
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Table 5.3. Results from tests performed wgidndard motor configuration, sub-
planing speed with test specimen g@tropeller depth. See Table 5.1 for definition of
terms.

Cnpeee | speeaqanm| (US| om0 | onien | catmsron
11 15.5 3-4 NA NA

12 17.9 1-4 8 NA X

13 14.9 4 53 1% X

14 14.0 3 10 NA X

15 15.2 3 3 NA

Figure 5.5. Tests withtandard motor configuration, sub-planing speedand model
animal atpropeller depth. Lower right shows damage to the frame during test number
12.

Sub-Planing Speed, Surface

Two carapaces showed catastrophic propeller cuts on thdredgéhe tests run
with the normal motor configuration, sub-planing speed aadest specimen at the

surface. Two other tests resulted in contact, but showedsible damage to the
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carapaces. Six passes over the fifth carapace resuledcontact, believed to be a result
of the bow wave mentioned in the previous section pushingrtineal away from the
motor. Table 5.4 shows results from these tests. Figarehdws pictures of the
carapaces tested in this series.

Table 5.4. Tests withtandard motor configuration, sub-planing speedwith model
animal at thesurface See Table 5.1 for definition of terms. Vessel speedoaientation

were not recorded for the second trial with shell bani9. This is noted as “NA” in the
table below.

Carapace Speed (km/h) '”i?ia' Boat Total Length 'F(i;e::e(z Catastrophic
Number Orientation of Cuts (cm) Damaged

16 154 2 27 NA X

17 14.3 4 50 NA X

18 13.9 1-4 NA NA

19 154 2-3 NA NA

19 NA NA NA NA

20 16.3 2-3 NA NA

20 16.2 1-2 NA NA

20 15.9 1 NA NA

20 15.4 1 NA NA

20 15.5 2 NA NA

20 14.0 4 NA NA
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Figure 5.6. Tests withtandard motor configuration, sub-planing speedand model
animal at thesurface

Planing Speed, Propeller Depth

All five carapaces used in the subsequent series (noratal monfiguration,
planing speed, animal at propeller degtagl numerous propeller cuts on the top of the
carapace and/or blunt force damage that penetratedrégaca. In addition, four of the
five carapaces showed a single blunt force wound at ang@® t the parallel slicing
wounds from the skeg of the outboard motor. All okehmjuries met the criteria used to
classify damage as catastrophic. These results indidaitgh likelihood of turtle fatality
from a collision under these conditions. Table 5.5 and Ei§uf show the results from

these trials.
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Table 5.5. Tests performed wibandard motor configuration, planing speedwith
model animal apropeller depth. See Table 5.1 for definition of terms.

Sanpe | speea | DS | [OALOD | Toves | catssoon
22 44.2 2-3 80 <1% X
23 40.1 3 12 6% X
24 41.5 34 40 NA X
25 42.7 34 101 8% X
26 42.0 34 36 2% X

Figure 5.7. Results from tests witandard motor configuration, planing speedand
model animal apropeller depth.

Planing Speed, Surface

Damage was severe when the animal was moved to theesarfd struck at
planing speed with the conventional propulsion systentivdlicarapaces displayed
blunt force damage that penetrated the carapace and assdietl as catastrophic. In

one test, the extent of the blunt force damage was 33be @ntire surface area of the
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carapace. Also, major frame damage was noted in thitbe dfe tests. Only one
carapace displayed clear propeller cuts in addition tara Bdrce wound. The increase in
speed resulted in much more severe and consistent damazagde surface tests at idle
speed. All tests performed at planing speed with the standdyoaod motor resulted in

catastrophic injuries. Table 5.6 and Figure 5.8 show resuitstfi test series.

Table 5.6. Tests withtandard motor configuration, planing speed with modelanimal
at thesurface See Table 5.1 for definition of terms.

Cl:\latlrrerl]%aecie Speed (km/h) g:}i::l]tzgg:, g??Lthe(nc?:)] %?i}r:;%z; Catastrophic
21 41.7 1 NA 33% X
27 40.1 1-2 NA 6% X
28 41.6 1-4 NA 4% X
29 42.7 1 41 6% X
30 41.6 3 NA 4% X

Figure 5.8. Results from tests witandard motor configuration, planing speedand
model animal at theurface
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High Buoyancy Model, Planing Speed, Surface

Animals are sometimes observed floating higher in themealumn after death
than are typically observed while still alive. A firggdries of field tests was done to see if
the damage from a conventional outboard motor wagdiftevhen the relative draft of
the animal decreased. The purpose of this test was to detesnether boat collision
injuries documented in stranded sea turtles could have edcgpost-mortem while the
carcass was floating on the surface. Weight wasvedh@rom the test animal until the
carapace was floating with the majority of the carapdmve the surface. These tests
were done at planing speed with a 5.2 m Boston Whaler véithkp Honda 4-stroke
outboard motor with a conventional propeller and no gund.hull of the Boston
Whaler has a different shape than the Carolina 8kéfl in the other tests. The Boston
Whaler hull has a cathedral hull with a “V” in thenter and smaller “V” features on both
chines, whereas the bottom of the Carolina Skiff isipgdanar and horizontal.

Four of the five tests on the “floaters” resulted iajon damage to the carapace
and/or frame. The fifth test showed no damage todh@pace, but the frame did sustain
damage. The damage was not obviously different fromotbsegrved with the earlier
surface tests designed to investigate what happens toamliwal on the surface. Results

are shown in Table 5.7 and Figure 5.9.
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Table 5.7. Floater” tests performed witktandard motor configuration, atplaning
speed See Table 5.1 for definition of terms. This serietesfs was performed with a 5.2
m Boston Whaler and a conventional outboard motor.

S | vy DUSE | L0 ol | comsone
1 40 3 10 15% X
3 43.2 1-2 NA 4% X
4 38.5 3 27 5% X
5 39.2 2 NA NA

6 42.5 4 NA 15% X

Figure 5.9. Results fronflbater” trials at planing speed.

5.2. Outboard Motor with Propeller Guards

Hydroshield, Idle Speed, Prop Depth

The tests described above provided a baseline, by demormgstwéian could be

expected with a conventional outboard motor at thrderdift speeds and two different
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depths. The next series of tests were designed to igabsthe benefits associated with
the use of either of two commercially available pragrejuards. One, the Hydroshield®,
is a horizontal fin that is bolted to the skeg of a coheeal outboard motor below the
propeller (Figure 4.2 and Figure 5.11). Four of the five testenpeed with the
Hydroshield® on the outboard motor, at idle speed, wightélst specimen at propeller
depth, resulted in only minor tears/scratches in theposite material. The fifth test
displayed propeller cuts on the edge that penetrated téyeac®. The total length of the
cuts on that carapace was 20 cm, enough to classify theydasaatastrophic. These
results were comparable to the results found with dredsird motor configuration at idle
speed, with the benefit of possibly reducing the chanceogigtier cuts by shielding the
animal from contact with the propeller. Results aregméed in Table 5.8 and
photographs are shown in Figure 5.10.

Table 5.8. Tests with thdydroshield®, atidle speed with the model animal at
propeller depth. See Table 5.1 for definition of terms.

oo | somoatonm| DAL | Tomte | TR | Casronn
31 6.5 2 NA NA

31 6.3 3 NA NA

31 6.3 1 NA NA

31 6.4 2 20 NA X
32 7.0 2 NA NA
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Figure 5.10. Results from tests Wit tHgdroshield®, atidle speed with model animal
atpropeller depth.

Hydroshield, Planing Speed, Propeller Depth

All five tests performed with the Hydroshi@ddn the motor, at planing speed
and with the model animal at propeller depth, resultedtast@phic carapace damage.
Three carapaces had large puncture wounds from blunt fontact. The other two
showed large areas of parallel propeller wounds penetthencarapace. Results are
comparable to tests run at with the standard outboardycwafion as far as the
likelihood of fatality. However, these tests displayederagunt force wounds than
observed with the standard configuration. There was 8, sharp piece of the
Hydroshield® that protruded from the front of the skeg (Figut@)3hat appeared to

cause some of the damage. Table 5.9 and Figure 5.12 showths.re
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Figure 5.11. Hydroshield® installed on outboard motor. Circléllgbts the edge
protruding from front of motor skeg.

Table 5.9. Tests performed with tHgdroshield®, atplaning speedwith model animal

atpropeller depth. See Table 5.1 for definition of terms.

Sanpe | speea | DS | [OALEOD | Toves | catssoon
32 41.2 1 150 10% X
33 40.7 3-4 74 NA X
34 40.7 1-4 NA <1% X
35 39.8 2-3 NA <1% X
36 38.7 1-4 NA 28% X
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Figure 5.12. Results from the tests with thadroshield®, atplaning speedand model
animal atpropeller depth.

Prop Buddy, Idle Speed, Propeller Depth

A second, commercial propeller guard was also testedPidEBuddy® is
essentially a stainless steel cage that surrounds theli@ro(Figure 4.2). All five idle
speed tests with the Prop Buddy®, with the model animalogiglier depth, resulted in
no visible damage to the carapace. This suggests thatdpeBuddy® may provide
better protection for the animal from propeller cutslb speeds compared to the
standard motor configuration (one catastrophic injury irir&s) under the same
conditions.

Prop Buddy, Planing Speed, Propeller Depth

Only four planing speed tests were performed with the Prop Buddg model
animal at propeller depth, since model frames were broé&gona repair in the field after
these four tests. All four tests resulted in teareduat section of the carapace from blunt
force contact. The area of damage ranged from 4.9% 164ldf the total area of the

carapace (Table 5.10, Figure 5.13). The cage around the prgpellented the
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characteristic parallel slicing wounds from the propebet,the larger effective projected
area of the motor foot resulted in increased catastrdyhinnt force damage. These results
are numerically comparable to the results from timeeseonditions with the standard
outboard, however the catastrophic wounds seen heselatg from blunt force as

opposed to propeller wounds observed with the standard ewtéguration.

Table 5.10. Tests with tHerop Buddy®, atplaning speed with the test specimen at
propeller depth. See Table 5.1 for definition of terms.

S | spesotinm| BN | AL | o | casron
37 39.7 4 NA 11% X
38 41 1 NA 9% X
39 42 1-2 NA 11% X
40 40 1 NA 5% X

Figure 5.13. Results from tests with f®p Buddy®, at planing speed with model
animal atpropeller depth.
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5.3. Jet Outboard Motor and PWC

Jet Outboard, Propeller Depth, Idle and Planing Speeds

For this series of tests, the model animal was positiat the propeller depth of
the standard outboard configuration, as in previous prokdieth tests. However, the
foot of the jet outboard did not reach into the watefar as the standard outboard.
Therefore, all tests with the jet outboard motog the model animal at propeller depth,
resulted in no visible damage to the test carapace.delyest resulted in any contact
with the specimen, at idle speed, when the model amuasinot positioned deep enough
in the water column. This contact resulted in no vesddmage to the carapace. There
was no contact with the specimen in the other tests.

Personal Watercratft, Propeller Depth, Idle and Planingd3pee

Similarly, the PWC has a draft of only a few centime@nd the intake is almost
flush with the hull bottom. With the model animal pasied at the propeller depth of the
standard outboard configuration, the PWC passed ovepé#oasen resulting in no
contact in any of the tests.

Jet Outboard, Surface, Idle and Planing Speeds

When the model animals were moved to the water surfaegett outboard
inflicted some damage, but much less than had beenvelseith the conventional
motor with or without the propeller guards. At idle speedgdamage was visible on any
of the carapaces. At planing speed, scrape marks frojettinkake were visible on the
top of the carapaces, but no portion of the carapasepenetrated and none of the
damage was considered catastrophic.

Personal Watercraft, Surface, Idle and Planing Speeds
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The results with the PWC and the animal deployed erstinface were even more
favorable. As installed (per manufacturer instructiots rear of the intake for the jet
outboard projects below the hull of the boat. Titake made contact with the carapaces
resulting in scrape marks but no catastrophic damage. Wiaziftake is smoother and
more “cleanly” integrated into the hull and did not resuthis type of scraping. No
damage was visible to any of the carapaces for thepékedstests with the PWC. At
planing speed, only scrape marks were evident on the tbp catapaces, and they were
less pronounced than with the jet outboard. No podidhe carapace was penetrated

and none of the damage was considered catastrophic.

5.4. Accelerometer Data

Two accelerometers were attached to the model fran=téomine acceleration
at impact for many of the experiments. From thesa, da@locity, orientation, and
distance traveled could then be computed. The samplia@nathe accelerometers was
set to 100 Hz. Examining the data collected from the exeters, it can be seen that
the duration of the impact was typically on the orddd.& seconds. The Onset
Computer Pendant G® loggers used have a maximum acceleatigamof £3G along
each axis. Processing and extensive examination of taealataled that this 3G limit
was exceeded along at least 1 of the 3 axes on evewhere contact was made with
the specimen. Since the data limits were exceededacin test, it is not possible to get
reliable results from the reported data. In additamteleration is used to calculate tilt
angle along each axis. To do this, the loggers truncatedaeleration values with

magnitude greater than one. It is clear from data exation that in all instances where
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the acceleration exceeded 1 G along any axis, the gk afong that axis was unreliable.

Therefore, reported tilt data at accelerations aldoewere unusable.
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Figure 5.14. Sample graph showing acceleration in the xand z-directions recorded
by the accelerometers. Sampling rate was 100 Hertz.

Because the range of the sensors was exceeded on &attiléeuseful
information can be obtained from the accelerometex. diat future tests, it is
recommended that accelerometers with a larger rangbkigimer sampling rate be used.
Because the range of the sensors was exceeded irntsylitteshard to estimate the
maximum range needed to accurately record all of the mttat occur at impact.
Analysis of the data led to the recommendation théiture testing accelerometers be
used that have a maximum range of £10G and a samplingf 208 élertz in order to

better capture the motion of the animal at impact.
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5.5. Statistical Analysis

Statistical analysis of the data was performed to daterrhspeed, depth in the
water column, and outboard configuration contributetthédikelihood of a catastrophic
injury. A Chi-squared contingency table analysis was densd for analysis of
frequencies. However, because of the small sangaehsre, the results from a Chi-
squared test could be considered misleading (Kirkman, 1996)Fi3her, Freeman,
Halton exact test is more suitable for data with $sahple sizes and was therefore used
here (Kirkman, 1996).

The Fisher, Freeman, Halton exact test is similaheédChi-squared in that a
contingency table of expected values is calculated fdr analysis. The probability of
this contingency table appearing among all possible tabtbsdwih the same row totals
and same column totals is calculated, along with thegimtity of all other tables in this
“universe.” The probability of the contingency tablsisnmed with the probability of
each less probable table to compute the p-value (Kirkt®@86). For these tests, p-
values of less than 0.05 indicate that the two variadresiot independent of each other
(rejecting the null hypothesis), while p-values greatanth.05 indicate that the
independent variable does not have a direct effect oteghendent variable (accepting
the null hypothesis). A 2x2 and 2x3 contingency table wsasl to test the hypothesis of
independence for depth in the water column and speed eésksel, respectively. These
tests were performed using STATXACTS8® (Cytel Statisticat\Bare Inc).

For the standard motor configuration, statistical analysowed that the
likelihood of catastrophic damage was independent of anirp#h de the water column
(assuming the animal is shallow enough to be hit) (Fistaisgc = 0.549, DF =1, p =

0.516) but was dependent on the speed of the vessel (FiahstiSt 13.6, DF =2, p =
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0.001). The field tests performed on the two types of plerpgliards were only run on
specimens at propeller depth. This approach was chosaudeegropeller guards were
designed to cover the propeller, and therefore it wasnaasd that only propeller depth
tests would be affected significantly. According to ttaistics presented above, this is
acceptable because depth does not affect the chance trogdtasinjury. Similarly, a
statistical comparison of the propeller guards showedatitia both the Hydroshield®
(Fisher Statistic = 6.15, DF = 1, p = 0.048) and the Bugdy® (Fisher Statistic = 8.44,
DF =1, p =0.008) in place, the chance of a catastrapjig is dependent on the vessel
speed. Higher vessel speeds resulted in more catdstdgzhage. For both of the jet
drive propulsion types (jet outboard and jet ski), siatisanalysis showed that the
chance of catastrophic injury is not dependent on eithedspedepth (p = 1.00) as no
catastrophic injuries were observed in these tests.

Looking at damage severity versus speed (ignoring mgperdand depth),
statistical analysis shows that the likelihood of @s@@ophic injury is dependent on
speed (Fisher Statistic = 12.38, DF = 1, p = 0.001); higher spedase the chance of
catastrophic injury. Similar analysis of likelihood atastrophic damage versus depth
(this time ignoring motor type and vessel speed) redeaaks these two variables are not
directly related (Fisher Statistic = 1.24, DF = 1, p360); position in the water column
does not affect the chance of catastrophic injury, asguthe animal is shallow enough
to be hit. A third test ignoring speed and depth and directiyparing severity of
damage to the five propulsion types tested showed a stromgation between these two
variables (Fisher Statistic = 35.3, DF = 4, p = 8.86e-8)vslg that the type of

propulsion system does affect the chance of catastropinig.
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In summary, the statistical analysis reveals thasetspeed and propulsion type
affect the likelihood of catastrophic injury. A standardonpwith or without propeller
guards, yields a high likelihood of causing catastrophic injatidsgh speeds. At low
speeds, this chance of catastrophic injury is reduced. tiB&dtenalysis also suggests
that the position of the animal in the water columasinot affect the probability of a
catastrophic injury. This is consistent with intuitemd the conclusions drawn from

initial inspection of results.
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CHAPTER 6

CONCLUSIONS

Interactions with marine vessels represent one oftbatest threats to
loggerhead sea turtles. Yet prior to the study describex] he one had investigated
whether simple modifications to small boats or tineade of operation would influence
the type of damage or the likelihood of fatal damage vehesssel hits an animal in the
field.

The tests described in this report required the developameinfabrication of
approximately 60 artificial sea turtle carapaces possessmtar tensile strength
characteristics to those of real animals. Framesg aiso fabricated to provide a base to
which to attach the model carapaces, and to achieve the ope@ancy and weight. The
final design had a size, mass, and specific gravity @irtol a real animal.

Field tests were performed in calm water with the madehals tethered in
place. Boat/ sea turtle collisions were simulatedhainearly flat-bottomed, 5.5 m
Carolina Skiff boat with a conventional outboard mattih a standard three-bladed
propeller, both with and without either of two commeilgialvailable propeller guards,
and with a jet outboard motor installed in place eft¢hnventional outboard motor.
Another series of tests was performed with a persoatdnaraft (PWC). Tests with each
vessel were conducted at idle speed (7 km/hr), sub-planied ¢p4 km/hr), and planing
speed (40 km/hr). Animals were deployed at both propeller dewtlon the water
surface.

With the standard motor configuration (outboard motor wilguard over the

propeller), decreasing the speed of the boat from planimtietepeed decreased the
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chance of a catastrophic wound by 60%. At idle speed, faheden trials resulted in
catastrophic wounds, compared to ten of ten at planing spkeedub-planing speed
yielded five catastrophic wounds, and several sub-planing wiade conducted where no
contact was made between the boat and the animalappéeared to be the result of the
large bow wave being created by the boat, which may paskeed the animal away from
the propeller before it could be struck.

The two tested propeller guards (Hydroshield® and Prop Buddy®)deh some
benefit by reducing the likelihood of propeller cuts whenlbat was traveling at idle
speed (one out of five tests at idle speed with the Hyuetd resulted in propeller cuts,
zero of five with the Prop Buddy, versus two out of fiviehwthe standard motor
configuration). At planing speeds, however, the guards resulteatastrophic damage in
every case. Both provide some protection from the spinnirgepeo, but both also
increase the projected area approaching the animal. Tilewas a more significant
occurrence of what was termed blunt trauma (100% occuregngianing speed).

Two types of jet propulsion were considered. The sameli@argkiff used for
most of the tests with the conventional motor watditbed with a jet outboard. The jet
outboard features a lower unit with an intake covered ¢ill. The motor was installed
per manufacturer recommendations, which placed the fdrersd of the intake grill
slightly above the bottom of the boat’s transom, #edrear portion of the grill slightly
lower (approximately 10 cm) than the bottom of the wamsThe result was that a
portion of this grill would slide over the animal for ttests done on the surface, resulting
in some scraping damage but no damage that was classfeatastrophic. Tests
conducted with the jet outboard where the model animaldealoyed at propeller depth

resulted in no damage to the model carapace.
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The PWC tests were similar to the jet outboardepkthat the intake for the jet
on the PWC is more smoothly integrated into the hulhefiessel and the resulting
scrapes on the model animals were less significante dbthe tests with the jet outboard
or the PWC resulted in catastrophic wounds. Howevshatld be noted that the
synthetic carapace was designed primarily for correstleestrength as opposed to
overall structural strength. Therefore, it may be fbsshat some of the non-
catastrophic tests would have resulted in crushing damagdsetved with this
carapace design.

An additional series of tests were conducted with a@otional outboard motor
at planing speed colliding with a turtle that was floatindhbrgin the water column than
typically occurs with a live animal, to determine if pasthsion examination could
reveal whether an animal had been floating higher, @snsmon after death, prior to the
collision. It has been argued that many of the vess$adled injuries seen in stranded sea
turtles were the result of post-mortem impacts. K wancluded, based on the
comparison of five tests using a high buoyancy modeldatinface tests, all with the
standard motor configuration, that a dead floating carcestaias blunt force injuries
similar to those observed with the standard modelifigain the surface at planing
speed.

Statistical analysis of the data revealed that tlaaah for a catastrophic injury is
influenced mainly by 1) motor type and configuration and 2¢dé the vessel. It was
shown that depth of the specimen in the water colurdrittee or no influence on the
chance of catastrophic injury due to a boat collisionqiag &s the specimen is close
enough to the surface to be within the reach of the nfiotd). This suggests that the

most efficient means of reducing turtle fatalities dubdat collisions would be to reduce
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the speeds of vessels to below planing speed and promote thigetsarive type
propulsion systems.

The tests described here were conducted in calm watditioms, and did not
include significant movement of the sea turtle modats po collision. It is possible that
waves or diving behavior of turtles could result in slgdifferent results for situations
with boat speeds and configurations matching those in stedescribed here. But the
tests clearly indicate that:

1) Reducing the vessel speed bellowing planing reduces the pogsibfttal
injuries in sea turtles. With the conventional outbo#ris, was true regardless
of whether a propeller guard was installed or not: 25%l adlal speed tests
resulted in catastrophic damage, compared to 100% at plgreerd.s

2) A speed that is just below planing speed reduced the likelibd impact to
the animal, compared to planing speed tests. It appeardtid¢hasulting
large bow wave helped push the animal out of the wayltirggin no contact
with the animal in 38% of the sub-planing speed tests.

3) The Hydroshield® and Prop Buddy® did not significantly redineerisk of
catastrophic damage to the sea turtle models (10% catastdaphage at idle
speed with propeller guards vs. 40% with standard motor configarattiidle
speed, 100% catastrophic damage at planing speed with all catibgs).

4) Both of the jet propulsion systems significantly reducedatge to the model
animals (no damage classified as catastrophic), compasgtiitar tests with
the conventional motor configuration.

5) A highly buoyant sea turtle model sustained similar biorde injuries

observed during standard surface tests. This suggestsuhiafdote injuries
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my occur post-mortem, but observed damage is not a eeliadicator of

whether death occurred prior to or as a result of lessicol.

Unfortunately the jet propulsion system deployed on ayéat-bottomed boat
results in degradation of boat handling to some degredhanet outboard is less
efficient hydraulically than a conventional propellérislalso worth noting that there are
several other parameters or issues that have nofirbesstigated, such as the influence
of hull shape, waves, attitude of the animal in theewattr other common propulsion
configurations such as a fixed-axis propeller and rudder orawtiooards. However, the
results are also somewhat encouraging in demonsttatndpoth boat equipment and the
way it is operated can be modified to reduce the liketihofofatal interactions between
small boats and turtles. The same changes that would wellerways safer for turtles

would also be expected to reduce risks to manateesgsylzald humans in the water.
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APPENDIX A

TENSILE TESTS OF MODEL CARAPACE
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Figure Al. Tensile stress strain curve for test sampieber 1 for the double layer with
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APPENDIX B

SAMPLE DATA COLLECTION SHEET FOR FIELD TESTS
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Data Collection Sheet

Date: Time: Imitials:

Test (Shell) Number: Frame Number:

Accelerometer Number: Test Code:

‘Configurstion Codes Speedd Codes Depth Codes Trial Musmber

N = Normel Coeig 1= Ifie Spesd A =Surface Humber sequentally for sach set of tests
B = Prop-Buddy 5 =Subplaning Speed Z=Frop

H = Hydroshield F = Pianing Speed

5=Jet 5k Evampie: Trial nmumber 3 with the Frop-Buddy st idie speed,

J=let Drive at surface would be ooded BLAT

Type of wound (Blunt trauma, prop cut}:

Size/Location of cuts/damage:

Sketch of damage:

Comments:

70



Appendix C

Table of Results
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Table C1. Results table for every test performed includargments recorded in the field on the data sheetsad&td” propulsion
system means conventional outboard motor with prapetid no guard. Hydroshield® and Prop Buddy® are two types ofigua
attached to standard outboard motor. Idle speed is defirveknathr, sub-planing is 14 km/hr, and planing is 40 km/hr. Eegth
means depth to center of propeller when at rest. “NAcetedis that type of injury is not applicable to that.tfi@tandard” motor
means outboard with conventional propeller and no propgli@rd. Wounds that were judged to be catastrophic are indiiétean
“X.” Boat orientation defined in Figure 4.3.

Carapace Animal Motor Speed Initial Boat Total Percent of .
Number  Position Boat Speed Configuration (km/h) Orientation Comments from Data Sheets length of Total Area Catastrophic
cuts (cm) Damaged

1 Surface Idle Standard 6.5 2-1 No visible damage. NA NA

2 Surface Idle Standard 7 4 2 small prop marks, rear. 10.6 NA X

3 Surface Idle Standard 6.5 3-4 Small notch in 3-4 position. 5.1 NA

4 Surface Idle Standard 6.6 3 Minor scrape on top of cagapac  NA NA

5 Surface Idle Standard 7 3-4 Prop cuts in the 3-4 position. 11.7 NA X

6 Prop Idle Standard 6.5 2 Small notch in 3-4 position. 1.8 A N

7 Prop Idle Standard 6.2 4 No contact. NA NA

7 Prop Idle Standard 6.3 3 No visible damage NA NA

8 Prop Idle Standard 6.4 4-1 No visible damage NA NA

9 Prop Idle Standard 7.2 3-4 No visible damage NA NA
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Total Percent of
Comments from Data Sheets length of Total Area Catastrophic
cuts (cm) Damaged

Carapace Animal
Number  Position

Motor Speed Initial Boat

Boat Speed Configuration (km/h) Orientation

10 Prop Idle Standard 6.6 1-2 Prop cuts in the 2-3 to 2 position. 15.2 NA X

11 Prop  Sub-planing  Standard 15.5 3.4 Novisible damage to carapace, NA NA
frame smashed

12 Prop Sub-planing Standard 17.9 1.4 Smallprop cuts in carapace at2-3 4 , NA
position. Prop marks on the frame.
Large prop cuts froiposition 3 to

13 Prop Sub-planing Standard 14.9 4 4. Piece of carapace cut off at 53.3 0.83% X
position 4.

14 Prop Sub-planing Standard 14 3 Small cut at position 1-2. NA <0.2%

15 Prop  Sub-planing  Standard  15.2 3 verysmall cutat position 1-4. NA <0.2%

b P g ' Frame busted at shoulder. e

16 Surface  Sub-planing  Standard  15.4 p Prop cuts along the edge of 27.4 NA X
carapace at position 2.

17 Surface  Sub-planing Standard 14.3 4 Prop cuts along _the edge of 50 NA X
carapace at position 3-4.

18 Surface  Sub-planing Standard 13.9 1-4 No visible damage NA NA

19 Surface  Sub-planing Standard 15.4 2-3 No boat contact NA A N

19 Surface  Sub-planing Standard No visible damage. NA NA

20 Surface  Sub-planing Standard 16.3 2-3 No contact NA NA
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Total Percent of
Comments from Data Sheets length of Total Area Catastrophic
cuts (cm) Damaged

Carapace Animal Boat Speed Motor Speed Initial Boat
Number  Position P Configuration (km/h) Orientation

20 Surface  Sub-planing Standard 16.2 1-2 No contact NA NA

20 Surface  Sub-planing Standard 15.9 1 No contact NA NA

20 Surface  Sub-planing Standard 15.4 1 No contact NA NA

20 Surface  Sub-planing Standard 15.5 2 No contact NA NA

20 Surface  Sub-planing Standard 14 4 Five tests, no contact between boat NA NA
and animal.

22 Prop Planing Standard  44.2 9.3 Skeg mark and prop cuts across top ;g g 0.25% X
of carapace from 2-3 to 1-4.

23 Prop Planing Standard  40.1 3  Bluntimpact at position 3. Possible 5.50% X
prop cut at position 2-3.

24 Prop Planing Standard 415 3.4 Skeg mark and prop cuts from 40.1 NA X
position 1-4.

: 4 Prop cuts and major damage along o

25 Prop Planing Standard 42.7 3-4 the left side from position 3-4 to 1. 101 8.30% X
Skeg, prop cut across top

26 Prop Planing Standard 42 3-4 carapace from position 4 to 35.6 1.50% X
position 1-2.

21 Surface  Planing Standard 417 1 Bluntforce and/or prop damage, 5 32.60% X
some tearing at position 1-4.

27 Surface  Planing Standard  40.1 1.p Bluntforce/ prop damage at NA 5.60% X

position 2. A lot of frame damage.
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Total Percent of

Carapace Animal Motor Speed Initial Boat .
Number  Position Boat Speed Configuration (km/h) Orientation Comments from Data Sheets length of Total Area Catastrophic
cuts (cm) Damaged

28 Surface Planing Standard 41.6 1-4 Ragg_ed cut along the edge at NA 3.60% X
position 3-4.

29 Surface  Planing Standard  42.7 1 Bluntforce/ prop damage at 40.6 5.70% X
position 2. A lot of frame damage.

30 Surface Planing Standard 41.6 3  Bluntforce damage at position 2-3. 4.30% X
Major frame damage.

31 Prop ldle  Hydroshield® 6.5 o Markwith very slight tear at NA NA
position 2.

31 Prop ldle  Hydroshield® 6.3 3 Markwith very slight tear at NA NA
position 3.

31 Prop Idle Hydroshield® 6.3 1 Mark with no tear at position 1 NA NA

31 Prop Idle Hydroshield® 6.4 2 Prop cuts on edge at position 2-3. 20 NA X

32 Prop ldle  Hydroshield® 7 o Markwith very minor damage at NA
position 2.

32 Prop Planing  Hydroshield®  41.2 1 Bluntwound with prop cuts at 150 9.70% X
position 1-2. Major frame damage.

33 Prop Planing Hydroshield®  40.7 3-4 Prop cuts from positiéridl1-2. 73.7 NA X

34 Prop Planing  Hydroshield®  40.7 1-4 i'f‘:gtl puncture, top of carapace, A 0.30% X
Blunt puncture, mark from positic

35 Prop Planing Hydroshield® 39.8 2-3 2-3to4-1. Hole in top of carapace, NA 0.20% X
middle.
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Carapace Animal Motor Speed Initial Boat Total Percent of .
I Boat Speed . : . ; Comments from Data Sheets length of Total Area Catastrophic
Number  Position Configuration (km/h) Orientation
cuts (cm) Damaged
36 Prop Planing  Hydroshield®  38.7 1.4 Bluntskeg tear out, major damage 27.93% X
at position 1-4.
37 Prop Idle Prop Buddy® 5.8 1-2 No visible damage NA NA
37 Prop Idle Prop Buddy® 5.9 4 No visible damage NA NA
37 Prop Idle Prop Buddy® 6.3 1-4 No visible damage NA NA
37 Prop Idle Prop Buddy® 6.4 1 No visible damage NA NA
37 Prop Idle Prop Buddy® 6.2 1 No visible damage NA NA
. Blunt strike, large tear out at o
37 Prop Planing Prop Buddy®  39.7 4 position 3-4. NA 11% X
. Blunt strike, large tear out at o
38 Prop Planing Prop Buddy® 41 1 position 1-4. NA 9.30% X
: Blunt strike, large tear out at
272 ’ 0,
39 Prop Planing Prop Buddy® 42 1-27 position 1-2. NA 11.10% X
: Blunt strike, large tear out at
? ! 0,
40 Prop Planing Prop Buddy® 40 17 position 2. NA 4.90% X
Contact, no damie. Animal was
51 Prop Idle Jet Outboard 6.5 3 not positioned low enough in NA NA
water.
51 Prop Idle Jet Outboard 6.5 1-2 No contact. NA NA
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Carapace Animal Motor Speed Initial Boat Total Percent of .
Number  Position Boat Speed Configuration (km/h) Orientation Comments from Data Sheets length of Total Area Catastrophic
cuts (cm) Damaged

51 Prop Idle Jet Outboard 7.1 1-2 No contact. NA NA

51 Prop Idle Jet Outboard 7.2 2 No contact. NA NA

51 Prop Idle Jet Outboard 6.9 1-2 No contact. NA NA

51 Prop Idle Jet Outboard 7.1 1 No contact. NA NA

51 Prop Planing Jet Outboard 40.6 2-3 No contact. NA NA

51 Prop Planing Jet Outboard 42.3 1 No contact. NA NA

51 Prop Planing Jet Outboard 45.3 1 No contact. NA NA

51 Prop Planing Jet Outboard 39.2 1-4 No contact. NA NA

51 Prop Planing Jet Outboard 42.3 3-4 No contact. NA NA

51 Prop Idle Jet Ski 6.44 2-3 No contact. NA NA

51 Prop Idle Jet Ski 6.44 2 No contact. NA NA

51 Prop Idle Jet Ski 6.44 2 No contact. NA NA
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Total Percent of
Comments from Data Sheets length of Total Area Catastrophic
cuts (cm) Damaged

Carapace Animal Boat Speed Motor Speed Initial Boat
Number  Position P Configuration (km/h) Orientation

51 Prop Idle Jet Ski 6.44 3 No contact. NA NA
51 Prop Idle Jet Ski 6.44 3 No contact. NA NA
51 Prop Planing Jet Ski 41.86 1 No contact. NA NA
51 Prop Planing Jet Ski 43.47 4 No contact. NA NA
51 Prop Planing Jet Ski 41.86 4 No contact. NA NA
51 Prop Planing Jet Ski 40.25 3 No contact. NA NA
51 Prop Planing Jet Ski 41.86 3 No contact. NA NA
51 Surface Idle Jet Ski 6.44 3 No visible damage. NA NA
51 Surface Idle Jet Ski 6.44 2 No visible damage. NA NA
51 Surface Idle Jet Ski 6.44 3 No visible damage. NA NA
51 Surface Idle Jet Ski 6.44 2-3 No visible damage. NA NA
51 Surface Idle Jet Ski 6.44 1-2 No visible damage. NA NA
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Carapace Animal Motor Speed Initial Boat Total Percent of
P - Boat Speed . : P . ; Comments from Data Sheets length of Total Area Catastrophic
Number  Position Configuration (km/h) Orientation
cuts (cm) Damaged
51 Surface Idle JetOutboard 7.1 No motor impact, boat impact. No NA
damage.
51 Surface Idle Jet Outboard 6.5 3 No visible damage. NA NA
51 Surface Idle Jet Outboard 6.6 1-2 No visible damage. NA NA
51 Surface Idle Jet Outboard 6.3 1 No visible damage. NA NA
51 Surface Idle Jet Outboard 5.9 3 No visible damage. NA A N
Small cut, not through tr
51 Surface Planing Jet Outboard 42.6 1 carapace. 2 lines from intake NA NA
grating on top of carapace.
52 Surface  Planing  Jet Outboard  44.1 4 Smallscrapes, 4 grating marks on NA
top of carapace.
53 Surface  Planing  JetOutboard 41 o 10intake grating marks on top of NA
carapace.
54 Surface  Planing  JetOutboard  43.1 1.4 6 intake grating marks and a small NA
slice on top of the carapace.
55 Surface Planing Jet Outboard 38.7 1-4 3 grate marksgcae sli cuts. NA NA
56 Surface  Planing Jet Ski 41.86 1 Hight scraping area on top of NA NA
carapace.
57 Surface Planing Jet Ski 43.47 2 Light scrapes on top ofazaap NA NA
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Total Percent of

Carapace Animal Motor Speed Initial Boat .
Number  Position Boat Speed Configuration (km/h) Orientation Comments from Data Sheets length of Total Area Catastrophic
cuts (cm) Damaged
58 Surface Planing Jet Ski 40.25 2 Light scrapes on surfacetso NA NA
59 Surface  Planing Jet Ski 43.47 9.3 Glancing blow atimpact. Two light NA
scrape marks, no cuts.
60 Surface Planing Jet Ski 43.47 1-2 Light scrapes, no cuts orggouge  NA NA
1 Floater Planing Standard 40 3 Sever_e_damage. Skeg and prop cuts 10.2 14.70% X
at position 3. 9 kg weight on frame.
3 Floater Planing Standard 43.2 1-2 4 prop cuts at posiBon 2 NA 4.10% X
4 Floater Planing Standard 38.5 3 Major blunt impact sitipa 3-4. 26.7 4.80% X
5 Floater Planing Standard 39.2 2 thtl_e or no carapace damage, NA NA
major frame damage.
6 Floater  Planing Standard 425 4 Major frame and carapace damage, 15.40% X

blunt impact at position 3-4.
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Appendix D

Post-Test Photographs of Each Carapace
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Figure D.1. Photos of model carapaces testedstdtidard motor configuration, animal at surfacke, speed.
Comments of damage included below each photograph

No visible damage. Small prop marks at position 2-3. Small notch at position 4.

Minor scrape on top on top of shell. Prop cuts m 34 position.
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Figure D.2. Photographs of model carapaces tesgitadStandard motor configuration, animal at prepth, idle speed.
Comments of damage included under each photograph.

Small notch in the 3-4 position. No visible damage. o \isible damage.

No visible damage. Prop cuts at position 2. Underside of cuts on shell number 10.
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Figure D.3. Photographs of model carapaces tegtadstandard motor configuration, animal at prepith, sub-planing
speed. Comments of damage included below eaclogtaqth.

No visible damage to shell. Frame Small prop cuts on shell in 2-3 position. Large prop cuts at position 3-4. Piece of
smashed, cut at position 1-2. Slices through frame at position 2-3. shell missing at position 4.

Small cut at position 1-2. Small cut at position.1-4 Damage to the frame from test on shell
number 11.
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Figure D.4. Photographs of model carapaces tegitbdstandard motor configuration, animal at suefagub-planing
speed. Comments of damage included below eaclogiamh.

Prop cuts along the edge at position 2. Prop cotsgathe edge at position 3-4. No visible damage.

No visible damage. 5 tests run, no contact withlshel



98

Figure D.5. Photographs of model carapaces tegtbdstandard motor configuration, animal at suefgalaning speed.
Comments of damage included below each photograph.

Skeg mark and prop cuts across the top of Blunt force wound at position 3, possible Skeg mark and prop cuts from position 1
the shell from position 2-3 to 1-4. prop cut at position 2-3. to position 4.

T

Prop cuts and major damage along left Skeg mark and prop cuts across top of All of the shells from this test group.
side from position 3 to position 1. shell from position 4 to position 1-2.
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Figure D.6. Photographs of model carapaces tegtbdstandard motor configuration, animal at suefgalaning speed.
Comments of damage included below each photograph.

Blunt force and/or prop wound at position  Blunt force at position 1-2. Severe frame Ragged cut along the edge at position 3-4.
1-4. damage.

Blunt force and/or prop wound at position ~ Blunt force at position 2-3. Major frame All the shells from this test group.
2. Severe frame damage. damage.



88

Figure D.7. Photographs of model carapaces tegtadbutboard motor with Hydroshield®, animal abprdepth,
idle speed. Comments of damage included below photograph.

Mark with very slight tear at position 2. Mark witlery slight tear at position 3. Mark with not teapasition 1.

Prop cuts on edge at position 2-3. Mark with verponidamage on edge at
position 2.
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Figure D.8. Photographs of model carapaces tegtddbutboard motor with Hydroshield®, animal abprdepth,
planing speed. Comments of damage included belat plaoctograph.

Blunt wound with prop cuts at position 1-  Prop cuts along top of shell from position Blunt puncture, top of shell, left side.
2. Major frame damage. 1-4to 1-2.

Blunt puncture top of shell, middle. Mark Blunt/ skeg tear off damage at position 1-  All of the shells from this test group.
across shell from 2-3 to 4-1. 4.,
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Figure D.9. Photographs of model carapaces tegtbdoutboard motor with Prop Buddy, animal at pogpth,
planing speed. Comments of damage included belatv plactograph.

Blunt strike, large tear out at position 4. Bluntkst, large tear out at position 1-4. Blunt strilkeege tear out at position 1-2.

Blunt strike, large tear out at position 2. All dedtom this group.
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Figure D.10. Photographs of model carapaces tegthdet drive motor, animal at surface, planingsg. Comments
of damage included below each photograph.

Small cut, not through. 2 lines from Small scrapes, 4 grating marks on top. 10 intakérgranarks on top.
intake grating on top.

6 intake grating marks on top, small 3 grate marks, no slices or cuts. All of the shiethn this test group.
scrape.
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Figure D.11. Photographs of model carapaces tegtbdlet Ski, animal at surface, planing speedm@ents of
damage included below each photograph.

Light scraping on top of the shell. Light scrapedamof the shell. Light scrapes on surface, no.cuts

Glancing blow at impact, 2 light scrapes, Light scrapes, no cuts or gouges. All of the sHedis this test group.
no cuts.
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Figure D.12. Photographs of model carapaces tegtadstandard motor configuration, “floater” anilnglaning speed.
Comments of damage included below each photograph.

Severe damage. Skeg and prop cuts at 4 prop cuts penetrate shell at position 2. Majonblmpact at position 3-4.
position 3.
No visible shell damage. Major frame Major frame and shell damage. Blunt All of the shells from this test group.

damage. impact at position 3-4.
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