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Abstract

Diamondback terrapinsMalaclemys terrapin) are native to the remote
oceanic islands of Bermuda and presently inhalit tour small brackish

water ponds on a private golf course. The life dmistof this species is
poorly understood on Bermuda and so the aim ofstuidy was to fill these
knowledge gaps, to compare the results with whiahdgsvn from other areas
in the North American range, and to inform the depment of a local

management plan.

The results of a mark-recapture census revealet dha 100
individuals >81 mm straight carapace length live on Bermudawlbich
nearly half (48.5%) were considered sexually matdiee population is
dominated by females (sex ratio 2.9:1) and anre@uitment over the three
year period was found to be extremely low (appr@taty two terrapins).

Female diamondback terrapins in Bermuda nest alexdtsively
within a limited number of sand bunkers on the gotiurse. Nesting
commenced in late March or early April and endedate August. Peak
oviposition was observed in May and June. Clutae siveraged 5.1 eggs
(range 0-10; SD 2.4) and the incubation period ayed 61.8 days (range
49-83; SD 10.5). Delayed emergence was documenii¢ial,43.8% of the
hatchlings remaining in their natal nests overwiveer months. The mean
annual hatching success rate was determined t@%e(fange 17.6-21; SD
1.9).

Radio-telemetry was used to investigate the movésneand
survivorship of post-emergent hatchling diamondbi&ekapins. The results
indicated that mangrove swamps and grass-domimatedhes adjacent to
the ponds are important developmental habitatshtichlings. Yellow-
crowned night heronsNfctanassa violacea) were found to be significant
predators of small terrapins during spring emergenc

Small aquatic gastropods comprised 66.7% of thealasamples
analysed from the Bermudian population. Scavengg d&nd vertebrate
animal remains, terrestrial arthropods, polychaaiems and bivalves were
consumed in lesser amounts. Sediment from the mmnwitonment was
found in 74% of the faecal samples analysed arzkligved to have been

incidentally ingested while foraging for the smiadinthic gastropods.
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Eco-toxicological analyses of the pond sedimergymnd terrapin
eggs showed that the Bermudian diamondback tesdpia and feed in
wetland habitats characterised by chronic, multifaal contamination;
principally total petroleum hydrocarbons, polycgdiiromatic hydrocarbons
and a variety of heavy metals. This study foundt teeme of those
contaminants are accumulating in the gastropod @®ywell as being
transferred to terrapin eggs. This may be redudimg incidence of
successful embryonic development for this speae8ermuda and may
likely contribute to the observed low hatching sate

These collective findings indicate that the Bernandpopulation is

very vulnerable to local extirpation.
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Chapter 1: General Introduction to Bermuda and Dianpondback

Terrapins

Abstract
Bermuda is an archipelago of islands totaling 54 iknarea and situated in
the Atlantic Ocean, north of the Caribbean. Theate and natural history
of Bermuda is heavily influenced by the Gulf Streatmich delivers warm
oceanic water and biota from the Caribbean andsth#heastern coastal
region of the U.S.A. Despite the isolation and Ihllion year age of
Bermuda, the overall endemism rate is laa. (3%), having been greatly
affected by the habitat loss and species extinoteents associated with
multiple Pleistocene sea level fluctuations. Huntatonization in 1609
resulted in further dramatic changes to Bermudasdibersity, particularly
with regards to exotic species introductions andnificant habitat
modification as a result of development. Curreother 70% of Bermuda’s
land area is considered developed. With a populatib nearly 65,000
Bermuda is one of the most densely populated ciesntr the world.
Diamondback terrapins Malaclemys terrapin) are a small to
medium sized turtle that inhabit a variety of briabkwater habitats along
the Gulf and Atlantic coastlines of the U.S.A. Thaye thought to have
arrived on Bermuda via oceanic currents before mue@onization and
presently reside within the land-locked, brackisiter pond environment.
These ponds (n=4) are situated upon a single sdulareetre of land on a
private golf course at the eastern end of the dsdaand have been used as
water hazards since the 1920s. Diamondback tegappresent one of only
two non-marine species of indigenous reptiles ailydiving on Bermuda
(the other is an endemic skink). Much is known alibe life history of
diamondback terrapins in the North American rangsyever there is a
paucity of information regarding their status, b} and ecology on the

islands of Bermuda, despite having had a preséree for over 400 years.

25



An introduction to Bermuda

Geography and geology

The Bermuda Rise comprises three steep-sided sedsndwo of which
presently only rise to within about 50 m of the semface. However the
third, and most northeasterly seamount, supporés Bermuda islands,
which are located at 32° 19'N and 64° 46'W - so®® @m ESE of Cape
Hatteras, North Carolina. The total land area ef Bermuda islands is 54
km2 and consists of a crescent-shaped chain obajppately 150 low-lying
islands of various sizes. All islands are concéettalong the southern edge
of the seamount, the larger ones forming a narrdwairc linked by
causeways and bridges. This archipelago sits ooft@pvolcanic seamount
that rises 4000 m from the seafloor. The seamams a shallow 100,000
hectares (ha) shelf around the islands. This skeatfade up of coral reefs,
sediments, shallow lagoons and seagrass meadowsisatermed the
Bermuda Platform (Anderson et al., 2001). The searnis believed to be
part of a group of submarine volcanoes that formapgroximately 110
million years ago along the mid-Atlantic ridge (Aenmto and Sullivan,
1974). Subsequently, this complex migrated 1200nkarthwestwards for
60-80 million years, at which point it passed oaehot spot’ in the earth’s
crust and commenced a second period of volcaniditgdhat produced the
Bermuda Rise. Over a period of 30-40 million yedah® Bermuda Rise
continued its northwest motion for about 600 kmimgiiwhich time there
was no volcanic activity (Vacher, 1986). The Bermiglands were formed
from a combination of volcanic activity, extensigdgene building and coral
reef formation. The limestone that forms the swfamcks originates from
various types of calcareous algae, foraminiferaasls, and mollusc shells,
the most important components being crustose awea#lgae and corals.
During the Pleistocene period, remains of thesearusgns began to
accumulate as coastal beds of sediment. Loweringeaf levels exposed
reefs and these calcareous sands to the influeiheend and rain. Wind
action resulted in the formation of sand dunes,, atdthe same time,
freshwater from rain dissolved limestone, percaatewn through the sand

and, through evaporation, cemented grains togéhierm huge amounts of
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soft rock called aeolianite. At the same time, whevater flow was
especially concentrated, it dissolved away chanecrelating fissures, cracks
and caves. Over the ages, episodes of rising dlimyfaea levels, as well as
further erosion, resulted in re-working of the d&if®on a cyclical basis
(Thomas, 2004). Maximum elevation is 76 m abovelseal at Town Hill
in Smith’s Parish; however, the average heightaoidl above sea level is
less than 30 m (Thomas and Logan, 1992). Bermudadiv&ed
administratively into nine parishes which are, frovast to east; Sandy’s,
Southampton, Warwick, Paget, Pembroke, DevonsBingith’s, Hamilton,
and St. George’s (Fig. 1.1).

BERMUDA St.Georges

6,422

=
Sandys
7,655 4
l Devonshire
7.332
Paget
5,702
Southampton 0 5 km

6,633

Figure 1.1.2010 human population census map of Bermuda
Source: Bermuda Department of Statistics
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Climate

Bermuda is bordered by the Sargasso Sea to thke sast and by the Gulf
Stream to the west, and is situated in an aredaeNorth Atlantic Ocean
which regularly receives spin-off eddies from thalfGStream (Fig. 1.2).
These eddies deliver warm water and biota from Glaeibbean and the
southeastern coastal region of the U.S.A. (Gladsp#94; Meylan and
Sterrer, 2000; Grady et al., 2001; Parham et 808P and account for the
mild climate of the islands. The climate and watérsBermuda are
unusually warm for this latitude, since heated watensported north in the
Gulf Stream has created a northerly extension diftrepical systems.
Consequently, Bermuda possesses the most nortledgnsions of
mangrove habitats and coral reef systems in théhN&tantic (Thomas and
Logan, 1992). As there are only two distinct weathatterns, the year in
Bermuda is generally divided into two climatolodiceeasons; winter

(November-April) and summer (May-October).

Figure 1.2.Infrared NOAA satellite imagery showing the pathtlee Gulf
Stream into the North Atlantic (warmest water id)reNC=North Carolina,
SC=South Carolina, GA=Georgia, FL=Florida. (Adapfesim a National
Oceanic Atmospheric Administration satellite imagé the Western
Atlantic).
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The weather of Bermuda is greatly influenced by features. Firstly, the
waters of the Gulf Stream surround the area witlaan water mass, which
in turn results in elevated air temperatures. Salgorduring the summer
months, the islands are under the influence ofAleres High’, an area of
high pressure in the Atlantic that normally liesviieen the Azores and
Bermuda. Summer frontal systems associated withenhgslowing winds
are deflected to the north by the presence of tigh. hConsequently,
summer winds are typically light and southeastarigirection. The winter
months, by contrast, are characterized by frequenmthwesterly gales
particularly in January, February and March sinbhe tmore southerly
positioning of the high pressure area gives liifetection from weather
associated with the westerlies (Thomas and Log882)1 Data from the
Bermuda Weather Service shows that between 194918868 the mean
monthly air temperatures varied from 17.8°C in dJapMarch and 26.4°C
in July-September (annual average 21.8°C). The anmshore ocean
surface temperatures followed a similar pattermgirag from 18.5°C in
January—March and 27.4°C in July-September (anamatage 22.6°C).
Rainfall does not show a marked seasonal pattard, is the principal
source of fresh water for Bermudauring the same 50 year period, the
mean annual rainfall was approximately 1410 mm. i®enrains tend to be
heavy, but of short duration, though droughts thastip to three months are
not considered unusual. Winter rains are lightar more protracted.
Humidity was uniformly high, at 73-83%, year-roufww.weather.bm;
accessed in October 201Z3enerally, in this part of the Atlantic Ocean,
evaporation exceeds precipitation, but Bermudaid Imass is large enough
to ensure that a fairly persistent cloud bank ocgctr 1000 m over the
islands, greatly increasing the frequency of shew&w that evaporation and

precipitation are almost in balance (Thomas andabhp992).

Human population and demography

Currently, approximately 50% of Bermuda'’s land aieased for housing
and over 70% of Bermuda is considered developedi€¢fson et al., 2001,
Thomas, 2004). With a population of 64,237 and pugation density of
1168 people per kin(Anonymous, 2011), Bermuda is among the most
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densely populated oceanic islands in the world. pbeulation density is
unevenly distributed across Bermuda with 50.2% b€ tresidents
concentrated in the four central parishes; Pembrokie 10,610 residents
(16.5% of total population), Warwick with 8615 (4%0), Devonshire with
7332 (11.4%), and Paget with 5702 (8.9%) (see Fig) IThe western
parishes are Sandy’s with 7655 residents (11.99d) Southampton with
6633 (10.3%), while the eastern parishes compris&&orge’s with 6422
residents (10%), Hamilton with 5862 (9.1%), and tBmaiwith 5406 (8.4%)
(Anonymous, 2011).

Bermuda’s terrestrial habitats

Glacial and inter-glacial Pleistocene sea levaittiations around Bermuda
were believed to have had an amplitude of 150 nthviiould have caused
the land area to fluctuate between approximate§01kht to less than 50

km® over a time period spanning many hundreds of @wds of years,

thereby greatly affecting Bermuda'’s terrestrialgaiography (Sterrer, 1998;
Sterrer et al., 2004; Olsen et al., 2006). Fallgan levels would have
eliminated many of the shallow tropical marine Haitsi (e.g. coral reefs,
seagrass meadows and mangrove swamp communig@piEcing them with

terrestrial and marsh habitats. Rising sea levasyversely, would have
flooded and drowned most of the terrestrial andamd marsh habitats,
extirpating a variety of terrestrial species, bueating coral reef and
seagrass habitats instead.

The main natural terrestrial communities of Bermuzarently
include upland hillsides, upland valleys, cavesietone sinks (which are
depressions caused by the collapse of caves),ategdands, rocky coastal
(the area of shoreline that extends 15 m inlanthftbe high water mark),
and beaches and sand dunes (Anderson et al., Z¥¥muda, at the time of
permanent settlement in 1612, was estimated to dsen@pproximately
2303 ha of upland hillside, 921 ha of upland vall&25 ha of limestone
sink, 1382 ha of coastal upland, 162 ha of rockgstal and 76 ha of
beaches and sand dunes (Sterrer et al., 2004).deoturies later, the total
area comprising upland hillside was reduced by 39900% of the upland

valleys had been lost (mostly to farmlands, housind gardens), the area of
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limestone sink had been reduced by 54%, the rodastal habitat was
reduced by 56%, and upland coastal was reduceb®y. Dnly the area
representing the beach and dune habitat remaingthnged, mainly due to
its unsuitability for development (Sterrer et 2004). Human modification
to the environment has also created a number oftatabthat would

otherwise not normally exist in nature; gardendf gourses, agricultural
fields, hedgerows and wayside (un-mown grassy aaadsun-tended sites
where building demolition or land-fill has occurjgdnderson et al., 2001).
By 2000 more than half of Bermuda was considereckldped, with an

additional 20% of the land mass taken up by gardgadf courses,

agricultural fields, hedgerows and wayside (Stegteal., 2004).

Despite the isolation and age of Bermuda (110 omilirears old) the
overall endemism rate is rather loea( 3%), having been greatly affected
by the habitat loss and species extinction evesse@ated with multiple
Pleistocene sea level fluctuations (Sterrer, 199Bgrmuda’s native
vertebrate biota primarily comes from the Caribbearl south-eastern
North America regions, having arrived either via &ulf Stream or wind-
borne means. Examples include post-larval reeéfigislasspool, 1994), an
extinct land tortoiseHesperotestudo bermudae) (Meylan and Sterrer, 2000)
and a skink Rlestiodon (formerly Eumeces) longirostris) (Brandley et al.,
2010) from Florida, Killifishes Kundulus spp.) (Smith-Vaniz et al., 1999;
Grady et al., 2001) and the diamondback terraplalgclemys terrapin)
(Parham et al., 2008) from the Carolinas, and g turtles Ghelonia
mydas) originating from a variety of countries throughde Caribbean and

Central America (Engstrom et al., 1998).

Bermuda’s pond habitats

Modern day Bermuda has no permanent surface frashateams or lakes
and hundreds of ponds scattered across the islaotse of which are
anchialine (isolated, saline, land-locked bodiesvater with permanent -
often subterranean - connections to the ocean)nfscand Logan, 1992).
Most of these anchialine ponds are very smallZe sind only five are over
0.5 hectare in area (Thomas et al., 1991). Man-mpadeés outnumber those

formed by natural processes (M. Outerbridge, uripnétl data). Ponds
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created on land that do not drop to the water tabk liners of plastic or

concrete to prevent their draining. Water hazardsgolf courses are

examples of these artificial ponds. Some of thénahioe ponds have acted
as refuges for various rare native and endemicafaintiuding Bermuda’s

killifishes Fundulus bermudae andF. relictus (Outerbridge et al., 2007), the
flat mangrove oysterlgognomon alatus) (Dangeubun, 1994), and the
diamondback terrapiMalaclemys terrapin (Davenport et al., 2005).

All of the ponds presently found in Bermuda cardbaded into two
groups; natural or man-made ponds, and are eitleshwater, saltwater
(marine), or brackish. By definition, marine porfusve salinities of 30-35
practical salinity units (psu) when measured witrefiactometer, whereas
brackish ponds range from 0.5-29 psu, and freshvpateds are less than
0.5 psu (Mantyla, 1987). Following these definiBpr60% of Bermuda’s
ponds are currently considered to be brackish #b 4re marine (M.
Outerbridge, unpublished data). Strictly speakimane of Bermuda’s ponds
can be considered freshwater since their averageahsalinities exceed 0.5
psu; however, after heavy rainfall some of thehghgbrackish ponds do
have salinities close to zero for short periodgimie (J. Bacon, personal
communication).

The present day anchialine ponds in Bermuda vatly ibosize and
in structure. Nearly all date back in formation ttee late Holocene era
(Neumann, 1971; Rueger, 2001). The most importantof influencing
physical stability in the saline ponds is the anooh tidal exchange
(Thomas et al.,, 1992). Temperature and salinity dependent upon the
amount of sea water that enters from the oceas, gbuds close to the sea
with relatively large connections have a highersifilmg rate, narrower
ranges of salinity and temperature and therefomvige a more stable
environment than those of ponds further from ttee $&e mean ocean tidal
range in Bermuda is only 75 cm, but is greatly oeduin the anchialine
ponds where there are more restrictions to tidaVv.fMWhile proximity to the
ocean and the nature of the connections influeraaity level, the
locations and sizes of these saltwater inlets latica to the tide level also
affect the flushing rate. Salinity stratificatiomrc occur in poorly mixed

ponds, or where the connection to the sea is irddepest part, due to the
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different densities of fresh and saltwater, althougis phenomenon is
unlikely to occur in very shallow ponds. Thomaskt(1991) described the
physical characteristics of the six largest porgigsface salinities ranged
from 6.5 to 42.5 psu, temperatures varied from 45.® 37.5°C and most
possess a single connection to the sea (Thomds &081). More limited
data exist for Bermuda’s remaining ponds; howeNerppears that salinity
and temperature also follow predictable seasontiemes. The small and
shallow nature of some of these ponds means thgteatures can vary
greatly from 10.6°C to 38.9°C (M. Outerbridge, uhlighed data).
Bermuda’s anchialine ponds generally have a riabtabiSpecies
richness increases with increasing physical stalahd diversity of habitat.
Thus ponds that have submerged rock substratapandant submerged
mangrove root community along the periphery of goed, and bottom
sediment show greater diversity than ponds thatufeasedimentary
substrata only (Thomas et al., 1992). Bermuda’'iatinoe ponds all have
deep benthic deposits of highly organic sediments ae subject to large
changes in oxygen, temperature, salinity and mittevels (Thomas et al.,
1992). Surface run-off from surrounding land traorsp particulate matter
and plant nutrients into the ponds. Fringing mawgrdrees (both red
mangroveRhizophora mangle and black mangrovévicennia germinans)
are a common feature of these saline ponds. Thiess tonstantly drop
leaves that slowly decompose, forming a highly nigdayer on the pond
bottom that enhances the base of the food web.t®tigeir small physical
size and accumulated sediments, the anchialine spame usually quite
shallow, averaging depths of only 180 cm. Becausthie, ambient light
levels at the bottom can be high, despite the faat these ponds are
typically very turbid due to the high levels of paaded organic material
(Thomas et al., 1991). Plants, however, do notllysgeow on the deeper
bottoms of the ponds due to the unstable and amwxiconment created by
the large quantities of extremely fine sediment daday of organic matter.
The levels of dissolved oxygen also vary considgréletween ponds as
well as diurnally and seasonally. Daytime photolsgeis can supersaturate
pond water with oxygen, while the consumption ofgen at night from

fishes and microbial life on the sediment can redoxygen levels to zero,
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at least in patches, resulting in transitory nigime anoxia. Anoxic events
are routine in some of the poorly flushed anch&lgonds in summer and
are thought partly responsible for their low specaiversity, which is
typically much reduced below that of open water inehabitats (Thomas
and Logan, 1992). The biotic characteristics ofrB&ta’s ponds are highly
variable. Pond size, volume, and physical stabititywell as the stochastic
nature of species’ colonization and the abilitytlufse species to adapt and
survive in the ponds are all factors responsibtaHis biological variability.
One of the curious features of the ponds is thextetlis great variability of
biota amongst the ponds. Quite often a speciesuisdf in only one or a few
ponds and few species occur in all ponds. For el@mgd mangroves were
found in four out of five ponds surveyed during #880s, the coffee bean
snail (Melampus coffeus) was found in two ponds, and widgeon grass
(Ruppia maritima) was only found in one of the ponds (Thomas et al.
1992). Surveys undertaken in 2004 and 2005 to mhaterthe distribution of
the endemic killifishes across Bermuda revealed niree out of 27 ponds
contained populations of them (Outerbridge, 20@@)J] Davenport et al.,
(2005) reported that diamondback terrapins werg finind in two brackish

ponds on Bermuda.

Native and endemic reptiles

The Bermuda skink Rlestiodon (formerly Eumeces) longirostris) is
considered to be Bermuda'’s only endemic terrestaaiebrate, and has the
longest herpetological and paleontological history the islands which
suggests that it may have been residing on Bernfiodanore than two
million years (Olsen et al., 2006). It is a diusrgdound-dwelling lizard that
is thought to have evolved after an ancestral sgecblonised the islands
after having rafted from the east coast of Northetica (Brandley et al.,
2010). Population surveys undertaken between 18€872804suggest that
Bermuda’s skinks are declining in abundance analilligion (Bacon et al.,
2006) when compared to their status and range enntheteenth century
(Jones, 1859). This decline has been attributechgsily to habitat loss
(Bacon et al., 2006) and predation from introduspdcies (Davenport et
al., 2001).
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Five species of sea turtles are native to Bermtlua;green turtle
(Chelonia mydas), the hawksbill turtle Eretmochelys imbricata), the
loggerhead turtl¢Caretta caretta), the leatherbackiermochelys coriacea),
and Kemp’s Ridley turtle I(epidochelys kempi) (Bacon et al., 2006). All
have been protected in Bermuda under national laeesl972. The green
turtle nesting population that once used the beacdfiddermuda is extinct
due to overharvest (Babcock, 1938), and only twaated loggerhead
nesting events have been recorded in the recent (/880 and 2005)
(Bacon et al., 2006). Juvenile green and hawkslnitles are the two most
commonly encountered species on the Bermuda phatfeiich serves as
their developmental habitat (Meylan et al., 201'bggerhead juveniles are
not known to inhabit the Bermuda platform, but gagphase juveniles
sometimes strand on beaches, often in associatitnwinter storms and
rafts of Sargassum weed. Leatherback turtles are occasionally sigltéd
the edge of the Bermuda platform, and three spewrhave stranded on the
islands’ shores since the early 1980s. Kemp’s ygllare the least
encountered species, with only three confirmed nadxaince the 1940s
(Outerbridge et al., In prep.).

Historical accounts of Bermuda’s diamondback f@nsfirst appear
in writings that date back to the 1950s (D. Wingatepublished notes),
however it was not until 2007 that their origin trese remote oceanic
islands was tested using a combination of palaéagito(fossil, radiometric
and palaeoenvironmental) and genetic data (Parhaail.,e2008). These
lines of evidence supported the hypothesis thaetherrapins are natural
colonizers of Bermuda, having arrived between 3868 400 years ago.
Bermuda is situated in a part of the North Atlar@icean which regularly
receives spin-off eddies from the Gulf Stream, Whis thought to have
served as vector for transporting diamondbackbeddlands (Davenport et
al., 2005; Parham et al., 2008).

In addition to the reptilian herpetological fauhattis presently alive
and living on Bermuda, one species of extinct lawtbise known from the
fossil record is included in the native-endemicpegological lists (Meylan
and Sterrer, 2000; Olsen and Meylan, 2009). Thed laortoise

(Hesperotestudo bermudae) was described from the mid-Pleistocene of
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Bermuda and is considered an island endemic. Theyipe specimen was
discovered in 1991 during the excavation of a fz®si sand dune and is
thought to be 310,000 years old £10,000 years (&fegind Sterrer, 2000).
The genusHesperotestudo has a long record in North America and the
authors hypothesized that it rafted from FlorideBermuda using the Gulf
Stream in as short a time as two weeks. Olsen. é2@D6) postulated that
this species had only the Marine Isotope Stage \MO5glacial interval to
evolve into an endemic before being extirpatedh®yfollowing rise in sea
level during MIS 9, thus confining the entire egiste ofH. bermudae on

Bermuda to a maximum span of approximately 100y000

Introduced reptiles

Four species of\nalis lizards have been introduced and become natudalise
on Bermuda since the early™8entury; Graham’s anoléolis grahami),

the Panther anoleA( leachii), the Barbados anoleA( extremus) (Bacon et
al., 2006) and the brown anolenplis sagrei) (M. Outerbridge, unpublished
data). Additionally, the tropical house geckdefnidactylus mabouia) and
the Mediterranean or Turkish gecKdefmidactylus turcicus) have also been
introduced and become naturaliggtl Mariera and A. Copeland, personal
communication).

Anolis grahami is the most common of the introduced lizards.dsw
introduced intentionally in 1905 to control a sgecifruit fly that was a
horticultural pest at the time (Harris, 1905). Trecise origin ofA. leachii
on Bermuda is unknown but it is believed to haverbmtroduceda. 1940
(Wingate, 1965). Bott\. grahami andA. leachii currently have an island-
wide distribution (Bacon et al., 2006)nolis extremus is believed to have
been accidentally introduced via ship(s) some tpnier to 1945 to the
Royal Naval Dockyard in Sandy’s Parish (Wingate63)9 and its present
day distribution is still largely confined to theestern parishes (Bacon et al.,
2006). Anolis sagrei is considered to be the least common anole on the
Bermuda islands. This species presence was onlyghtdo the attention of
the Bermuda Government’s Department of Conservaervices in 2011
when a local farmer found one individual in a shgoof sphagnum moss

that had been shipped from Florida. More individulhve been found in
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the wild since then, however its present distritruis limited to a few small
localities (M. Outerbridge, personal observatigh)olis sagrel is an exotic
species of small lizard that was introduced frora @aribbean to south
Florida in the 1940s and subsequently became édtalllin several states
along the Gulf and Atlantic coasts (Vigil, 2006)emidactylus mabouia and
H. turcicus are nocturnal lizards native to continental Afriead the
Mediterranean basin respectively; however they Hasen introduced to
many other parts of the globe, including severalvN&orld countries
(Lever, 2003). Human-mediated dispersal is belidedake the cause of their
relatively recent and dramatic range expansionyTdre associated with
human development and are highly adaptable, themmlaking them
successful invaders throughout their non-nativegearBoth species were
first discovered in 2005 in a cargo hangar at tleenfida International
Airport, but are now naturalized and spreading (uterbridge, personal
observation). The point of origin on Bermuda suggésat both species of
gecko may have accidentally arrived via air freightl then subsequently
been transported to other locations across thedsla

The red-eared slidefT{achemys scripta elegans) is an introduced
and invasive species on Bermuda. Anecdotal evidenggests that it was
first sold as a pet in Bermuda during the 19508, iagontinues to be sold
as a pet over 60 years later. Throughout this tmdesiduals have escaped
from captivity, or unwanted individuals have beeslilterately released,
which led to this species becoming firmly estatdishin the wild. Surveys
undertaken in 2005 and 2006 revealed that virtuallyfreshwater and
slightly brackish ponds and canals on Bermudar(s@s < 12%.) were
found to contain populations of red-eared slidetstmg in densities as
high as 981 turtles Ha(Pitman’s Pond) (Outerbridge, 2008).

Other non-indigenous reptiles have also been delibly imported
to Bermuda and kept as pets in private captivityriembers of the general
public. The Care and Protection of Animals Act BPiequires that permits
be obtained from the Department of Environmentabtéttion for the
importation of exotic species that are to be kepally as pets. This act also
provides for the prohibition of animals likely teedome a hazard to the

ecology of Bermuda. The North American box turfler(apene spp.) has
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traditionally been among the more popular reptiégspio be kept. These
turtles are known to be breeding in captivity amdab least one occasion a
hatchling was found in the wild (M. Outerbridge,rgmnal observation).
Snakes, banned under the Care and Protection ohaisiAct, have been
illegally smuggled into Bermuda (Anderson et allQ2) and escape into the
wild from time to time where they are found by memrsbof the public.
Every effort is made by the Department of ConséwaServices (DCS) to
capture these individuals. DCS occasionally receiven-indigenous
reptiles from members of the general public who ehancountered
individuals in the wild, often in their gardens (Buterbridge, personal
communication). Examples include the common snappintle Chelydra

serpentina) and green iguanaguana iguana).

Diamondback terrapins

Taxonomic classification

Diamondback terrapins belong to the Family Emydidakrge and diverse
group of reptiles collectively known as ‘pond tesl that are naturally
found throughout North America, much of Europe, asabstward into
Russia, the Near East, and North Africa (MeylarQ80and are the only
member of the genudalaclemys. Seven subspecies of diamondback
terrapin are currently recognized; Northern dianbzmk (Malaclemys
terrapin terrapin), Carolina diamondbackMalaclemys terrapin centrata),
Florida east coast diamondbadWalaclemys terrapin tequesta), Mangrove
diamondback Nlalaclemys terrapin rhizophorarum), Ornate diamondback
(Malaclemys terrapin macrospilota), Mississippi diamondbackalaclemys
terrapin pileata), and Texas diamondbacKkélaclemys terrapin littoralis).
These seven subspecies have been divided intoemorgopulationsN. t.
terrapin, M. t. centrata) and southern population$/( t. tequesta, M. t.
rhizophorarum, M. t. macrospilota, M. t. pileata, M. t. littoralis) with
Merritt Island, Florida, providing a break betwebe two. Genetic studies,
however, do not fully agree with the existence lidse seven subspecies
(Lamb and Avise, 1992; Hart, 2005; Hauswaldt aneinGG2005).
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Species description

Diamondback terrapins are small to medium sizedlewrthat show
distinctive shell and soft tissue markings; howewbese markings vary
greatly throughout their range. The carapace €@y oblong in shape and
possesses a mid-dorsal keel which is more visdised, or knobbled, in the
southern subspecies. Carapace colour is highhabigsi but usually of earth
tones ranging from light olive and brown to darlown and black. The
carapace is also marked with concentric growth sririgat are most
pronounced on younger individuals (Fig. 1.3), framich this species gets
its common name; however, these disappear with ddee circular
depressions that these rings make extend beloweteer of each scute and
are imprinted upon the dorsal surface of the umdegl bones of the
carapace. The plastron, in contrast to the caramogore brightly coloured
with yellowish or orange hues and can be eithempia appearance or
smudged with varying amounts of dark blotches. Sones, however, the
plastral scutes can have a dark base colour vgkitdr colourful edges. The
plastral scutes may also show growth rings. Thasgss or annuli, have
been used by some researchers to estimate thef agdivaduals (Seigel,
1984; Tucker et al., 1995; Gibbons et al., 200bwéwver, this technique
remains a contentious method of aging terrapinsraady agree that it is
not possible to use it on older individuals whdsgs have disappeared with
the passage of time (Morreale, 1992; Gibbons e2@01). Skin colour also
varies throughout the range, but is generally shadegrey with dark spots,
flecks or lines (the latter have not been obsemedtie Bermuda population
— M. Outerbridge, personal observation) (Fig. 1.4).

Diamondback terrapins show sexual dimorphism; witiles being
considerably smaller than females (Fig. 1.5) andinga proportionally
smaller heads, but wider and longer tails, withcaca situated posterior to
the edge of the carapace when the tail is fullgeaded (Fig. 1.6).

The diamondback terrapin carapace normally feat@&shamed
scutes:- one nuchal, five vertebrals, four pairscastals (also known as
pleurals), eleven pairs of marginals, and two stgudals (Fig. 1.7). The
plastron is normally composed of twelve named s;utee pair of gulars,

one pair of humerals, one pair of pectorals, onegiabdominals, one pair
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of femorals, and one pair of anals (Fig. 1.8). Bzdhapace and plastron are
joined by a bridge. Variations in the number oftgbral, costal or marginal
scutes are not uncommon, and may involve an etd, or distorted scute.
These anomalies are believed to be caused by hagibation temperatures
(Wood and Herlands, 1997; Herlands et al., 2004 gwossibly
embryological exposure to petroleum crude oil amdygyclic aromatic
hydrocarbons (Van Meter et al., 2006).

Source: Mark Outerbridge

Figure 1.3. Photograph of a Bermuda specimenM#élaclemys terrapin
illustrating the concentric rings on the scutesthsd carapace, giving the
appearance of the facets on a diamond, from wiiishspecies derives its
common name.
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Source: Mark Outerbridge
Figure 1.4. Photograph of a Bermuda specimenMdlaclemys terrapin

illustrating the dark speckled pattern on the skin.
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Source: Mark Outerbridge

Figure 1.5. Photograph showing the difference in body sizewvbeh a

mature male (left) and a mature female (right) diadback terrapin.
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Source: Mark Outerbridge

Figure 1.6. Photograph showing the tail size relative to baike of a
mature male terrapin. White arrow shows the locatibthe cloaca.
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Figure 1.7.lllustration of the carapace dfalaclemys terrapin with named

scutes.
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Global geographic distribution and range-wide stats

Diamondback terrapins are endemic to the Atlamid &ulf Coasts of the
United States of America. They have a discontinuaumgie which extends
across 16 states from Cape Cod, Massachusettbieimdrth to Corpus
Christi, Texas, in the south (Fig. 1.9).

Atlantic Ocean

Gulf of Mexico

Data $10 A, U.S. Navy. NGA, GEBCO."

© 2011 Europa Technalogies oy - w : cuG(“DS[C

US Dept of State Geographer.

Ornate diamondback terrapin
Malaclemys terrapin macrospilota

Mississippi diamondback terrapin
Malaclemys terrapin pileata

Texas diamondback terrapin
Malaclemys terrapin littoralis

Northern diamondback terrapin
Malaclemys terrapin terrapin

Carolina diamondback terrapin
Malaclemys terrapin centrata

Florida East Coast diamondback terrapin
Malaclemys terrapin tequesta

Mangrove diamondback terrapin
Malaclemys terrapin rhizophorarum

Figure 1.9. Map illustrating the range-wide distribution ofethseven
recognized diamondback terrapin subspecies. (Adajpten Butler et al.,
2006; Lee and Chew, 2008).
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Diamondback terrapins are restricted to coastahesand brackish
waters and are found in salt marsh, river estuidsig) creek, lagoon, and
mangrove habitats (Butler et al., 2006; Ernst aadi¢h, 2009). Five of the
seven subspecies occur within Florida, of whicle¢hare considered to
reside exclusively in that state. The northern diadback terrapin
(Malaclemys terrapin terrapin) ranges from Cape Cod in Massachusetts to
Cape Hatteras in North Carolina. The Carolina diadt@ck . t. centrata)
ranges from Cape Hatteras southwards to Volusiantgon Florida. The
Florida East Coast diamondbackl.(t. tequesta) ranges from Volusia
County to Miami-Dade County, as well as possibly ithe upper Keys in
Monroe County. The mangrove diamondbakk {. rhizophorarum) occurs
in Monroe County from Fort Myers to Florida Bay atfttoughout the
Florida Keys and the Marquesas. The ornate dianamidbM. t.
macrospilota) occurs from Florida Bay to the western part af forida
Panhandle in Walton County. The Mississippi dianb@wk (. t. pileata)
ranges from western Choctawhatchee Bay in Okaldbsanty, Florida,
westwards through the state of Louisiana. The TekasondbackNI. t.
littoralis) is found from western Louisiana to Corpus Christi Texas
(Butler et al., 2006; Lee and Chew, 2008; Ernstlamdch, 2009). The only
geographic region where diamondback terrapins apjeeeside naturally
outside their U.S.A. range is in Bermuda.

The origin of Bermuda’s diamondback terrapins wasted by
Parham et al. (2008) using a combination of fosatliometric, geological
and genetic data, which lines of evidence suppdhedypothesis proposed
by Davenport et al. (2005) that diamondback temsygiould have naturally
colonized the remote oceanic islands of Bermudagutie Gulf Stream as
the transport mechanism. A comparative genetic esursonducted by
Parham et al. (2008) of 27 terrapins collectedughout their natural global
range found that the Bermudian samples most clogsgmbled samples
from the Carolina region of the U.S.A. Thus, thamdondback terrapins
currently inhabiting Bermuda have been designatedVat. centrata.
Furthermore, the Parham et al. (2008) study sudjleatfragment of scute

taken from a sub-fossil (Fig. 1.10) to radiocarlaiing. The Bermudian
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sub-fossil had been discovered in 1974 inside & @gproximately one

kilometre from the current location of the extarstrdondback population.

Source: Mark Outerbridge

Figure 1.10. Sub-fossil remains of a Bermudian diamondbackagenr

discovered in a cave in 1974.

The oldest calibrated dates that resulted fronrdldécarbon dating
were AD 1222-1276, whereas the most recent dates wB 1427-1620
(with a most likely age range of AD 1452-1554). Timajority of these
periods predate human settlement of Bermuda (1&0®),thus the authors
suggested that the 400-600 year antiquity of tlkewered bones was also
consistent with the natural origin hypothesissitbt at all unreasonable to

imagine founding populations of diamondback temagrriving on oceanic
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currents, particularly in light of the fact thatnaw extinct species of land
tortoise Hesperotestudo bermudae) arrived in Bermuda the same way over
300,000 years ago (Meylan and Sterrer, 2000). dtise quite feasible that
diamondbacks have reached Bermuda naturally onmalexecasions, before
and after 1% century human colonization.

Diamondback terrapins were listed as a globallyrdtte@atened
species by the International Union for the Congswa of Natural
Resources (IUCN) in 1996. Their status, which saffem state to state in
the U.S.A., ranges from ‘endangered’ to ‘a speofespecial concern’ (Lee
and Chew, 2008). More recently (2011), the CerdreBiological Diversity
advocated that diamondback terrapins should beidenmresl as a candidate
for a U.S.A. proposal to amend Appendix Il of then@ention on
International Trade in Endangered Species of Wiklirfa and Flora
(CITES) at the 18 meeting of the Conference of the Parties. Their
justification was that the species is “documentde vulnerable to over-
exploitation” and has an “intrinsically slow capacio recover.” In 2013,
diamondback terrapins were included in Appendixinllan attempt to
regulate international trade so that exports fréwe mative range are not
detrimental to the species’ survival in the wild.

As a direct result of this doctoral investigatioBermuda’'s
diamondback terrapins were classified in 2012 lese& |l protected species
and declared to be ‘Vulnerable’ under the Bermudzteeted Species Act
(2003). Furthermore, the Protected Species Amentmet (2011) now
considers it an offence for an unauthorized persomwillfully damage,
destroy, injure, disturb, uproot, fell, kill, takemport, export, sell or
purchase a level Il protected species or any pkw tevel Il protected
species. Offenders are liable, on summary of aiovi, to a fine of
$15,000 or one year of imprisonment (www.laws.brogessed October
2012). Despite this new legislative protection,réhare no conservation
measures currently in place. Diamondback terrapmesnot harvested for
food in Bermuda or caught as bycatch in commeroialrecreational
shellfish pots, and none of the ponds have bodtaffic (M. Outerbridge,

personal observation), however, the area in whigh terrapins reside is
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currently, and has also historically been, heainiypacted upon by other

anthropogenic activities.

Biology and ecology of diamondback terrapins in theNorth American

range

Habitat requirements

Diamondback terrapins have a life cycle comprisédistinct phases that
have different habitat requirements. Adult and adb# terrapins have need
of brackish bodies of water in which they feed, enahd, for populations
residing in cooler regions, brumate (the reptikmuivalent of hibernation);

mature female terrapins require sandy substratedgrlaying; hatchlings
and small juveniles require dense vegetation tiawg adjacent to the adult
wetland environment in which they forage, grow dmde from predators

(Pilter, 1985; Lovich et al.,, 1991; Roosenburg, 1®9Diamondback

terrapins are the only species of turtle that hspecialized to inhabit the
tidal salt marsh and estuarine environment, anavaintique physiological

and behavioural adaptations that enable them @there (Cowan, 1971,
Gilles-Baillien, 1973; Cowan, 1990; Davenport anddddo, 1990; Hart and
Lee, 2006).

General biology

The annual activity cycle of adult diamondback apms is one that
generally begins with emergence from winter-indubadmation during the
spring which is then quickly followed by a perioflamurtship and mating.
Nesting soon follows and often lasts for many memtring which females
can deposit multiple clutches of eggs (Seigel, 198@odwin, 1994;
Roosenburg and Dunham, 1997). Diamondback terraguiesbelieved to
have a very small home range (Lovich and Gibbo8801 Gibbons et al.,
2001; Baldwin et al., 2005) and some mature femalesknown to return to
the same nesting beaches annually (Jeyasuria, €t984). The incubation
period and the sex of the developing embryos artermdéned by the
incubation temperatures; cooler temperatures peadoale offspring while

warmer temperatures produce female (Roosenburg Kaiky, 1996).
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Hatchlings will, upon emergence, typically seekugef within the closest
vegetation and show avoidance of open water (Bug®#7; Draud et al.,
2004). Very little information exists in the liteuae about the life history of
hatchlings and juveniles from the time they defiaet nest to the time that
they recruit to the sub-adult population, but ibedieved that this period of
development occurs in a separate habitat fromwihatre the adults reside.
Growth is most rapid during the first few yearseafhatching, but then
slows down considerably after sexual maturity hesnbattained (Tucker et
al., 1995; Roosenburg and Kelley, 1996). Diamon&b&ecrapins usually
enter brumation in November and December and remaimat state either
buried in sediment or beneath undercut banks tlirdtepruary or March
the following year (Yearicks et al., 1981; Seige984); however, some
populations in Florida were observed to be activeMarm days during the
winter (Hart, 2005). The lifespan of diamondbacdkapins in the wild has
been estimated to be approximately 20 years (Sei§84), but may last as
long as 40 years in captivity (Hildebrand, 1932).

Population biology

The Diamondback Terrapin Working Group (DTWG) hastipipated in at
least two questionnaire based surveys concerniagstatus and research
needs of terrapins in the U.S.A. involving a varietf scientists, state
agency biologists, and educators from all 16 statbsre diamondback
terrapins naturally occur. These questionnaireg@si&spondents to assess
the status of terrapins in their state as declinstgble, increasing, or
unknown. The majorityca. 50-55%) of the respondents said that the status
of their terrapin populations was unknown, a furtl3®-33% said that
terrapin populations were declining, and only 18415aid that their terrapin
populations were stable. Not one considered teeiapin populations to be
increasing (Seigel and Gibbons, 1995; Butler e28l06). Roosenburg et al.
(1997) reported a population estimate of 2778-3W&flviduals in the
Patuxent River Estuary of Chesapeake Bay; Seig@B4(l estimated
populations of 213 and 404 at two sites in eastrabRlorida; Hurd et al.
(1979) suggested that as many as 1655 terrapiabiteld the Canary Creek
salt marsh in Delaware; Butler (2002) reported gubation of 3147
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terrapins were found to be using a northeasternddmesting beach; and
Hart (2005) estimated the Big Sable Creek poputanghin the Everglades
National Park in southwest Florida to be 1545 imdlials. Density estimates
of terrapins are less available in the literatimat, were reported to range
from 53-72 terrapins Wain central Florida (Seigel, 1984). Sex ratios in
terrapin populations vary from being strongly feenblased (Seigel, 1984;
Roosenburg et al., 1997) to being male biased @toand Gibbons, 1990).
Hart (2005) reported that the sex ratio in the Baple Creek population
was 1:1. Female terrapins can reach maximum cagdpagths of 238 mm
range wide in North America; males 140 mm (Ernstlgtl994). These size
differences may reflect resource partitioning betw¢he sexes (Tucker et
al., 1995); however it has also been suggestedtthay be influenced by
sexual selection. Gibbons and Lovich (1990) suggkshat sexual size
differences in turtles were determined by sex-decnaturity patterns.
Early maturity at a small body size may allow malesbegin breeding
earlier instead of investing energy into somatiowgh, whereas females
may benefit from continued growth beyond the sikat tmales mature
because of the advantage that body size confersopeased reproductive
output (Gibbons and Lovich, 1990). It has also bseggested, for species
that do not exhibit male to male combat for matiest smaller male turtles
may have an advantage of increased mobility owvgetamales when vying
for females (Berry and Shine, 1980).

Reproduction

Diamondback terrapins form breeding aggregationichv has been
hypothesised to increase the probability of sudoéssating (Seigel, 1980),
during which females are approached and courteanhles. Copulation
appears to be brief and male territorial defencmale to male combat has
not been reported for this species (see reviewnstEand Lovich, 2009).

Nesting ecology shows variability throughout ttegrapin range.

Females mature at ages between four and 13 yeales mhles mature at
much younger ages between two and seven yearse(Ca9b2; Seigel,
1984; Lovich and Gibbons, 1990; Lovich et al., 19Bbosenburg, 1991;
Gibbons et al., 2001). Terrapins in the northerntspaf the range take
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longer to reach sexual maturity than those in tbettern regions. The
nesting season typically begins in late April antl in late July for
terrapins in Florida (Seigel, 1980; Butler et @&004), while the nesting
seasons in the extreme northern range are redtrictenly June and July
(Burger and Montevecchi, 1975; Lazell and Auge@1t9Goodwin, 1994;
Jeyasuria et al., 1994; Feinberg and Burke, 2083)ouisiana, nesting may
occur as late as September (Burns and Williams2J19TFerrapins are
reported to nest on sand dunes, beaches and dlengahdy margins of
marshes and islands (Burger and Montevecchi, 1BidEger, 1977; Seigel,
1980; Roosenburg, 1994). Nest sites are genetatlyvhich facilitates the
postures that females assume during digging anddepgsition) with low
vegetative cover (which minimizes the destructioh the nests via
mammalian and plant root predation). Clutch sizayes from 4-22 eggs;
northern subspecies have the greatest mean claehdf approximately 16
eggs in Rhode Island (Goodwin, 1994) and 13 eggsMiaryland
(Roosenburg and Dunham, 1997), while those in éiohiave mean clutch
sizes of approximately seven eggs (Seigel, 198@eBw2000). Estimated
nesting densities range from 0.52hin Massachusetts (Auger and
Giovannone, 1979) to 157.1 hin New Jersey (Burger and Montevecchi,
1975), to 1125 h& in Maryland (Roosenburg, 1994). Diamondback
terrapins exhibit temperature-dependent sex detextion (TSD), whereby
the ambient temperature of the nest medium afféoes sex of the
developing embryos (see Ewert and Nelson, 1991asigia et al., 1994;
Roosenburg and Place, 1994; Roosenburg and K&g96). TSD has been
suggested as being a factor in biased sex ratissrodd in some terrapin
populations (Lovich and Gibbons, 1990; Ewert andlsbie 1991).
Incubation periods (the time it takes for eggs éwedop and hatch) vary
from 50-120 days. In New Jersey the mean incubgiemod was reported
to be 76.2 days (Burger, 1977), while terrapingheneast Florida coast had
a mean period of 65.6 days (Seigel, 1980). Hatcluogurs from early
August through to mid-October in northern terrapipulations (Burger,
1977; Roosenburg, 1991), and from early July tdye@ctober in some
Florida populations (Butler et al., 2004). Emergermeriods (the time
hatchlings spend in the nest prior to leaving s tremendous variability
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throughout the range; hatchlings may depart withdurs after hatching
(Roosenburg and Kelley, 1996) or they may spendthsoover-wintering in

the nest chamber and emerge the following sprirg€ll and Auger, 1981,
Roosenburg and Kelley, 1996; Baker et al., 2006)e Timing of nest

emergence is influenced by biological factors (egplutionary response
and internal timing) as well as physical factorsg(erainfall and

temperature) (see review in Costanzo et al., 20G#)bons and Nelson
(1978) postulated that delayed emergence is aegyramployed by species
in which high environmental uncertainty exists fatchlings that emerge
immediately after hatching. The suggested benefitdelayed emergence
(over-wintering) include avoidance of predators andidance of exposure
to adverse environmental conditions. Converselg benefits of early
emergence (summer/fall) include the potential tgilhdéeeding and growth

immediately (Gibbons and Nelson, 1978).

Diet and feeding

Diamondback terrapins have been identified as groitant component of
the trophic dynamics of the salt marsh ecosysteitfinf8n and Bertness,

2002; Davenport, 2011). Diamondbacks are carniwrand feed mostly
upon a variety of marine molluscs and crustaceaasnély periwinkles,

crabs, mussels and clams) within the salt marginagse and mangrove
ecosystems throughout their North American range (sviews in Butler et
al., 2006; Ernst and Lovich, 2009). They also shesource partioning,

whereby individuals with wider heads (the largeshéles) consume larger
snails and crabs than terrapins possessing snfadlads (Tucker et al.,
1995). Diamondbacks appear to be predators thatvissml cues while

foraging and they also show selectivity in the pitegt they eat (Davenport
et al., 1992; Tucker et al., 1995; Tucker et @97). The food consumption
of diamondbacks is considered to be ten times higinen that of other

closely related aquatic emydid turtles of the sasizme (Davenport and
Ward, 1993); however, studies have shown that dilinack appetite

reduces (by up to 50%) when held in full sea wékdrpsu) without access
to freshwater (Davenport and Ward, 1993). Davenand Macedo (1990)

have shown that diamondback terrapins have finmigaldiscrimination
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and employ behavioural and postural responses mE$igo maximize
exploitation of rainfall in the freshwater-limiteehvironments throughout

their North American coastal range.

Threats

Diamondback terrapins have had a long history gfla@tation as a food
source in the U.S.A. (Hart and Lee, 2006), and mareested from the wild
for centuries before their over-exploitation ledfe raising of captive stock
in the 1920s (Coker, 1906; Hildebrand, 1929). Teémand for terrapin meat
peaked between the late™8nd the early 20 centuries when the species
became regarded as a gourmet food item which ninehe tone of the most
economically important reptiles in the world” dugithat period (Ernst and
Lovich, 2009). As a consequence, natural populatiaoross the North
American range were decimated (Carr, 1952).

The incidental capture and drowning of terrapin®lure crab traps
along the Atlantic and Gulf coasts has been ideudtids the primary current
threat to terrapin survival (Butler et al., 2008pehas prompted some states
to require the use of by-catch reduction deviceRB) (also known as
terrapin excluder devices or TEDs) on crab trapider to minimize
terrapin by-catch (Wood, 1997; Hart and Lee, 2006).

Predation has also been identified as a signifittargtat to terrapin
populations. Terrapin nests and hatchlings are ggreypon by a wide
variety of predators throughout the North Americange that include small
mammals (raccoons, skunks, foxes, rats) and bgdHs( crows, herons,
bald eagles), as well as ghost crabs, ants, amdl q@ats (most notably dune
grass) (see review in Ernst and Lovich, 2009). Bans Procyon lotor) are
recognized as a major terrapin nest predator (Burt@77; Roosenburg,
1992; Goodwin, 1994; Butler et al., 2004), and weesponsible for
destroying 87-99% of terrapin nests at various\ssites along the Atlantic
coast of the U.S.A. (Roosenburg, 1992; FeinbergBurtte, 2003; Butler et
al., 2004). Adult terrapins (particularly nestingenfales) are also
occasionally preyed upon by raccoons (Seigel, 18&hberg and Burke,
2003). Draud et al. (2004) reported that the NorvayRattus norvegicus)
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was a major predator on terrapin hatchlings andnues (25-41 mm SCL)
in a New York population.

Road-associated mortality of nesting females hews laden identified
as a threat in some terrapin populations (WoodHedands, 1997). Adult
females are killed every nesting season as theynattto cross roads in
search of nesting sites. During a seven year peowet 4000 terrapins were
discovered as road kill during routine patrols ra¢ study site in New Jersey
(Wood and Herlands, 1997).

Pollution is considered to be a relatively new #tir® diamondback
terrapins. This species has been shown to be aindlicator of
environmental contaminants in salt marsh ecosys{&asnan et al., 1998;
Burger, 2002), however the degree to which thesatacsinants affect

terrapin health is largely unknown.

Historical ecology of diamondback terrapins and the wetland habitats
in Bermuda

Historical ecology of diamondback terrapins in Bernuda
The first written historical accounts of Bermudhbisdiversity date back to
the early 17 century when a violent storm caused e Venture, the
flagship of a fleet of ships bearing English sestlend supplies towards the
Virginian Jamestown colony in the New World, to bee wrecked upon
the reefs of Bermuda whereupon the 150 passengdrsraw were forced
to land and take up residence in 1609. The shikee survivors described
finding sea turtles among Bermuda’s fauna (Left8/6), which they soon
discovered were highly edible, and yet never meetibfinding an endemic
skink or diamondback terrapins — two species thatsdill present on the
islands of Bermuda over 400 years later. This atesém the early records
may imply that both species were never particuladyiceable elements of
Bermuda’s wildlife, or perhaps they were not wrt@bout because neither
were considered important food items for the intadié and thus not
worthy of mention.

An examination of the literature published in thield" and early

20" centuries on Bermuda’s natural history reveal®mspicuous absence
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of diamondback terrapins from the various listshefpetological fauna.
Jones (1859) and Hurdis (1897) list green turttesyksbill turtles, blue-
tailed skinks and an isolated record of a smallkenadeilprin (1889)
mentions sea turtles and the Bermuda skink as e reptiles found on
Bermuda, while Cope (1861) only lists a skink amdite the sea turtles
entirely from the Bermudian herpetological faunamitarly, the works
published as a result of the H.MGhallenger expedition only list a single
species of reptile described as ‘a lizard commo@Gamolina’ (believed to be
the endemic Bermuda skink), and completely fainention the sea turtles
(Thompson, 1877). Garman (1884) lists four speoiesea turtles (green
turtle, hawksbill, loggerhead and leatherback) ane species of skink,
while Jones and Goode (1884) fail to catalogue r@pyiles at all in their
Contributions to the Natural History of the Bermudas, and instead only
mention that migratory water birds frequent ‘thedawhich lies between
Paynter Vale and the south shore’ including thengmof Tucker's Town
(where)...along the shores of these ponds the maagyosws luxuriantly
wherever congenial mud affords its roots a respiage.’ Verrill (1902) and
Verrill et al. (1903) describe four species of de@tles (green turtle,
hawksbill, loggerhead and leatherback) and an Asaarblue-tailed lizard
as being the only species of terrestrial reptilestexg on Bermuda at the
time of their surveys. However Verrill, in his 19Q#ublication, does
concede the opinion that “the early writers (of Mada’s natural
history)...were not close observers of small creatur€he following year,
Verrill continued to attempt to explain how it wasssible to inadvertently
omit animals from the earlier taxonomic lists bgtstg “so many species of
comparatively large and conspicuous marine aniroaigd be added in a
few weeks to the fauna of a locality, where so mprgvious collections
have been made, may seem strange. This is dueybgwpartly to a careful
scrutiny of the hiding places of those forms thepehd upon concealment
for their safety, partly upon the fact that lodekt were visited...in which
certain species seem to be localized, and perlmag®me cases, upon the
earlier season of the year (March), when some ehtw forms come into

shallow water to spawn” (Verrill et al., 1903).
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Most of these early natural historians were visito Bermuda and
did not have the time to make long-term observatiomhich take into
account the effects of seasonal variation with éespgo the habits and
activities of some of the islands’ biodiversity. Agxception was John
Hurdis, who was a resident of Bermuda from 1840518Bd spent many
hours hunting for birds in the various ponds andsimes. Hurdis began
taking detailed notes on the islands’ natural Inysio 1846, publishing over
650 diary entries from 1847-1854 and paid particatéention to collecting
and describing the avifauna. In one specific dimry dated November™4
— 71847, Hurdis mentioned that he visited ‘the pobelsveen a marsh and
Harrington Sound’, and did not report observing amall turtles or
terrapins at that locality. He visited that areainghree years later on July
2391850, specifically naming Trott's Pond this tina@d once more did not
mention any terrapin sightings. It is most unlikéhat Hurdis would have
seen terrapins in November of 1847 as they woultbaisly have been
brumating at that time of year; however, it is ous that he did not observe
any on his 1850 visit. It is possible that the gapan of diamondback
terrapins residing in those ponds at that time hmeye been very low and,
coupled with their naturally cryptic habits and thebid water of both
Mangrove Lake and Trott's Pond, may have contridute Hurdis having
overlooked the terrapins, particularly if he waserth to collect
ornithological specimens. It is also possible thatwas simply not there
long enough to observe one, or that the sighting sihall pond turtle might
not have been a significant enough event to retohds diary on that day.
If some of the other 19century natural historians were able to overlook
some of the more obvious elements of the Bermuldé@petological fauna,
such as the sea turtles which at that time wergharies resource, then it is
not surprising that the diamondback terrapins (whtkir much smaller size
and more limited distribution) were also omittednfr the written records.

The first written account describing the presenteliamondback
terrapins in Bermuda is credited to David Wingaiea 1952. Wingate
discovered a recently dead terrapin which had Ipeetially consumed by
rats within the saw-grass marsh at South Pond. speeimen was later
positively identified as a diamondback terrapin rfdan et al., 2008);
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however, it is unknown whether the terrapin wase#lilby a rat prior to
partial consumption or whether it had died from theo cause and
subsequently been scavenged.

The historical distribution of diamondback terrapion Bermuda
remains unclear. It can be inferred from Hurdis9Q@8that this species may
already have had a very limited distribution by tméd 19" century;
however a recent discussion with an elderly regjdstt Teddy Tucker,
suggests that diamondback terrapins may have besseng in an area of
land between two marsh complexes formerly knowthasCollector’s Hill
Marsh in Smith’s Parish and Camden Marsh in PageisP. Mr Tucker
remembers exploring these marshlands, which heridedc as being
interconnected by a series of ponds and canasyasng boy in the 1940s.
It was during this period that he observed ‘manyatg@ns’ inhabiting the
area, and was even able to capture two small spasimvhich he kept as
pets for nearly four decades. These two terrapiesevdescribed as being
oval in shape and having a darkly coloured carapackea plastron with an
orange ring around the periphery and a dark cehtrelTucker claims that
these terrapins are still a common species in Niagi Georgia and the
Carolinas where he used to routinely observe thdriewon vacation in
those states. When presented with photograph$. af elegans and M.
terrapin, Mr Tucker identified the latter as looking mos$ika the terrapins
that he observed in the marshes as a boy, sta@tdthey definitely did not
possess a red stripe along the sides of their heaalg€haracteristic feature
that a layman can use to quickly differentiate leetw the two emydid
turtles in Bermuda. Unfortunately Mr Tucker canndéntify the place
where he buried his pet terrapins after they dredadptivity, so it is not
possible to exhume their remains for additional lysis. Until further
diamondback terrapin remains are discovered in aberied in peat
marshes, or excavated from the limestone rockhisterical distribution of

this species across Bermuda will remain uncertain.
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Historical ecology of mangrove swamps, ponds, analand marshes in
Bermuda

Human activities have caused nearly all of Bermsideétlands to decline,
although some natural processes have also had@atinSince Bermuda’s
permanent settlement from 1612 onwards, humans FHed, drained,
denuded, and polluted the mangrove swamps, pondsni&nd marshes in
an effort to create more arable land, residentiml eommercial building
sites, and to dispose of unwanted waste matergdofls indicate that at the
beginning of the 20 century approximately 169.2 ha, or roughly 3% of
Bermuda’s total land area, comprised wetlands winickuded 20.4 ha of
mangrove swamp, 29.6 ha of ponds and 119.2 hdasfdmmarsh. By 1980,
these wetland areas had been reduced to an esti®ig ha (16.7 ha of
mangrove swamp, 29.2 ha of ponds, and 48.4 ha lahdnmarsh),
representing a decrease of 44.5% (Sterrer and \W&ngh981) and
contributing to major losses of biodiversity in seoareas (Sterrer, 1998;
Sterrer et al., 2004). Widespread drainage of thland marshes was
employed as part of the mosquito control methodhérfirst half of the 20
century, as health officials attempted to prevdm spread of mosquito
borne diseases. Furthermore, wetlands across l#re@lssof Bermuda were
historically used to dispose of domestic trashrebg filling many of them
and creating toxic conditions as chemicals slovelgched out over time
(Sterrer and Wingate, 1981; Fort et al., 2006; Eoml., 2006). During the
period when the most intensive efforts were beirgdentowards marsh
reclamation (1920-1970) by the Bermuda Governntéat,had assumed the
responsibility for garbage collection and a polialy disposing it in the
wetlands, nearly 60% of the inland marsh habitad Weat and at least five
ponds (three of which were in close proximity toe tipresent day
diamondback terrapin ponds - see Figs. Al.1 an@ lilAppendix 1) were
completely filled in (Sterrer and Wingate, 1981)owever, it has been
suggested that the most concentrated destructioBeoinuda’s wetland
communities occurred between 1941 and 1943, wheesamated 33% of
the islands’ total mangrove acreage was destroyed.angbird and St.
David’s Islands by the construction of the Americgerated Kindley Air
Force Base (Sterrer and Wingate, 1981).
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However, since the 1960s, local organizations uholg the
Bermuda Audubon Society and the Bermuda NationaktThave raised
funds to purchase wetland habitats, holding thetnust as nature reserves,
thus ensuring some protection against further dgwveént. At the
government level, protective planning legislation1983 designated all of
the remaining wetland areas in Bermuda as natwerves. Additional
efforts have been made by a number of conservatgencies to raise public
awareness regarding the ecological and aesthétie v Bermuda’s limited
wetland habitats. Deliberate restoration projeetgehfocused on the fresh-
brackish marsh and pond habitats, with the endtrésat a variety of ponds
and marshes have been physically and biologicahestablished island
wide.

Yet not all of the modifications to Bermuda’'s wetlis can be
attributed to anthropogenic causes. Storm damagk @her natural
processes including ecological succession, sedatient and erosion have
altered — and will continue to alter — Bermuda’stlared habitats. Close
examination of maps produced over a 300 year pdsed Figs. A1.3 —
A1.7 in Appendix 1), beginning in the T Zentury, illustrate the changing
character of Mangrove Lake. John Speed publishetdbp of the Somer
(Bermuda) Islands in 1627 that shows a number sifrdie bodies of water
south of Harrington Sound including the present diynondback terrapin
ponds (i.e. Mangrove Lake, Trott's Pond, South Pand North Pond) as
distinct land-locked ponds (Fig. 1.11). Those bsdi# water were still
evident as ponds in a map produced by Henry Dudnfod 793 (Fig. 1.12);
however, a map created by Thomas Hurd and publighei97 clearly
shows Mangrove Lake with a breach to the sea irstluth west corner of
the pond (Fig. 1.13). The Hurd map also shows ¢hisance as having a
sandy substrate, giving the impression that oceaater could inundate this
area and access the interior of the pond perhagsgdperiods of high tide
or stormy weather. Richard Nelson’s map published 840, and a map
engraved by Edward Weller and published in 1870th bstill show
Mangrove Lake as an embayment along the southemelgie of Bermuda
rather than as a distinct pond (Figs. 1.14 and)l.However, in the

comprehensive ordnance survey performed by Artlawage in the years
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1897-1899, which resulted in the publication of ighly detailed and

accurate map of the Bermuda Islands in 1901, Maregicake was once

again depicted as a land-locked pond, cut-off ftbm southern shore by a

neck of land and the Military Road (now known as Bouthshore Road)
(Fig. 1.16). Aerial photographs of Bermuda takeri940 and in 2003 (see
Figs. A1.1 and A1.2 in Appendix 1) clearly show tfends as discrete land-

locked bodies of water (including Mangrove Lake).
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Figure 1.11. John Speed’'s 1627 map of the Somer (Bermuda)dslan

showing Mangrove Lake, Trott's Pond and South Pond.
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Figure 1.12.Captain Henry Durnford’s (Royal Engineer) 1793 nudihe

Bermuda Islands showing Mangrove Lake, Trott's Rddouth Pond and

North Pond.
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Figure 1.13. Lieutenant Thomas Hurd's (Royal Navy) 1797 maptlod
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Figure 1.14. Lieutenant Richard Nelson’s (Royal Engineer) 184&p of
the Bermuda Islands showing Mangrove Lake, Trd®&sd, South Pond

and North Pond.
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Mangrove Lake and Trott's Pond.

North
Pond

South
Pond
(marsh)

Trott’'s
Pond

Mangrove

& X 5
%, & o 0 50 100 200
Ll

e Lake

© Bermuda Ministry of Environment, Planning and Infrastrucwure
Figure 1.16.Lieutenant Arthur Savage’s (Royal Engineer) 19Gprof the
Bermuda Islands showing Mangrove Lake, Trott's RoSduth Pond
(marsh) and North Pond.

Further examination of the literature publishedhie mid 18" and early 28
centuries on Bermuda’s natural history revealsssipte explanation for the
changing nature of Mangrove Lake. Agassiz (189%)teyr‘The shore of the
island is gradually being eaten away at all the pmints leading either into
sinks like those of Sinky or Hungry Bay, or into malongated sinks like
those which will be formed when the ponds lyingseldo the shore to the
westward of Tucker's Town are invaded by the sdée’ continued by

saying, “The lagoons of the south shore betweenkdite Town and
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Newton (John Smith’s) Bay are brackish pools...therst of which are
protected by mangroves...(and) separated by lowfndta the sea. In many
places it would require comparatively slight inread the sea, or but a little
subsistence, to change them into diminutive harlworsounds.” Verrill
(1902) described the following about Peniston’sitt8)) Pond, "In severe
storms the sea pours in large quantities overdhedivide into Peniston’s
Pond...so that ultimately, and at no distant timewiit doubtless form a
breach and thus convert the pond into a bay orduaybike Hungry Bay
and many others.” In his 1903 publicatidoology of the Bermudas Verrill
compared the early survey maps of Bermuda withrtbst recent Admiralty
charts of the time, stating “in some cases smalk @ coves have been
converted into lagoons by the formation of sandlzem®ss the mouth. In
other cases such bars have been washed away, togversmall lagoon
into an open cove. These phenomena are commor earaly shores, and
may take place during a single severe storm.” Sustorm may well have
converted Mangrove Lake from a pond into a bayrduthe last decade of
the 18 century.

In September 2003, Bermuda was hit by a categdmnyrBcane (hamed
Fabian) producing a one-minute average wind spé&d®mph (195 kmh
1, while a peak wind gust of 164 mph (264 ki) vas recorded. Extremely
large waves were also associated with the hurriceuiéch battered the
southern portion of the island for several dayacheng heights of seven to
ten metres at the worst of the storm. While passiiegsland, the hurricane
produced a storm surge exceeding three metresigith&@owerful storms,
such as Hurricane Fabian, would be more than capablcreating the
conditions described by Agassiz (1895) and Vefti#02, 1903).

Natural forces may also have been responsible fdysexjuently
occluding the breach in Mangrove Lake. Jones (1888je, “on the south
shore (of Bermuda) the sand has made several emcnests supported by
constant supplies from the sea”, and the worksighd by theChallenger
expedition in 1877 mention a “sand glacier” at EbBeach. The ‘glacier
was described having entirely filled up a valleyl dis steadily progressing
inland in a mass about five-and-twenty feet thickaving) partially

overwhelmed a garden and is moving slowly on.” @bheount continued to
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describe how a cottage was almost entirely covesethe shifting beach
sands; “all that now remains of the cottage isttipeof one of the chimneys
projecting above the white sand like a tombstolfetfie natural deposition
of sand blocked the mouth of the embayment to MargiLake then it is
not unlikely that the persons responsible for thenstruction of the
roadways across Bermuda might have capitalizedherevent and built the
Military Road illustrated in Arthur Savage’s 190bm(Fig. 1.16).

A final event took place in the vicinity of the diandback ponds
thereby significantly changing the ecology of theaa In 1921 the Furness
Withy Steamship Company constructed a hotel anéi8hole golf course,
named the Mid Ocean, incorporating the existingdspmangrove swamps
and peat marshes that naturally existed in theniycinto the play area
(Figs. 1.17 and 1.18). Prior to the constructiothefgolf course, the valleys
surrounding the diamondback terrapin ponds had heed for agricultural
purposes. A downturn in the global economy in theraath of the Second
World War forced the Steamship Company to diveslfitof the hotel and
golf course, which were purchased by a group ofrBelians who then
established The Mid Ocean Club, as a private meshblb, in 1951.

© Edward Marshall
Figure 1.17. Fifth hole on the Mid Ocean golf course showing th
pedestrian bridge and a portion of Mangrove Lake#c1930).
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Source: Mark Outerbridge
Figure 1.18. Fifth hole on the Mid Ocean golf course showing th

pedestrian bridge and a portion of Mangrove Lakd (2.

The golf course has undergone some slight re-madedlince the 1950s,
leaving Mangrove Lake and Trott's Pond less affé¢kean North Pond and
South Pond. A 1941 aerial photograph shows NortidRs a distinct body
of water and South Pond as a marsh with no opearwaible (Fig. 1.19);
however, a 1981 aerial photograph of the samesireas North Pond as a
slightly reduced body of water (due to expansiontlid marsh grass
community) and the southern portion of the Soutmd®marsh bisected
from west to east by a land bridge with two smaltliles of water to the
north and south (Fig. 1.20). In 1980, the North dPanarshland was
comprised of 100% cattailTypha angustifolia) and the South Pond
marshland comprised 57% cattail and 43% saw-gf@se&liUm jamaicense)
(Sterrer and Wingate, 1981). South Pond was drediged second time
circa 1993 during which the present day moat tleaisttutes South Pond
major was constructed, while South Pond minor waepdned. The
excavation material was observed to be partialljnposed of old bottles
and other forms of refuse (N. Furtado, personal mamication). A 2003
aerial photograph clearly shows the changes madgotdah Pond in the
early 1990s (Fig. 1.21). North Pond also shows sohaage, with a greatly
reduced marshland community. In an effort to mant constant high
water level throughout the year, the Mid Ocean Qlubed a well beside
North Pond in the late 1990s and began pumpingrweden the well into
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the pond. While this had the desired effect onwlaer level, it had the
unforeseen effect of causing the cattail marshiésotf completely, as it
was later discovered that the well-water was caraioly more saline than
cattails are capable of surviving. The marshlantléanth Pond is presently
comprised 100% of sheathed paspalum gr@aspélum vaginatum) and the
South Pond major marshland is presently composeppfoximately 97%
saw-grass, 2% cattail, while the remaining 1% ef\thgetation is a mixture
of sheathed paspalum, giant ferAclfrosticum excelsum), wax myrtle
(Myrica cerifera), Australian pine Casuarina equisetifolia) and Brazil
pepper Echinus terebinthifolius) (M. Outerbridge, personal observation). In
2008, a small saline pond complete with three sskets created via
excavation immediately to the east of North Pondnreffort to increase the

aesthetic appeal of the ninth hole.

© Bermuda Ministry of Environment, Planning and Infrastructure
Figure 1.19. Aerial photograph from 1941 showing North Pond @xd
South Pond (B).
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© Bermuda Ministry of Environment, Planning and Infrastructure
Figure 1.20. Aerial photograph from 1981 showing North Pond @xd

South Pond (B).
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© Bermuda Ministry of Environment, Planning and Infrastructure
Figure 1.21. Aerial photograph from 2003 showing North Pond @xd

South Pond (B).

Objectives of This Study

Much has been learned about the life history ofndiadback terrapins in
the North American range during the past four desatiowever there is a
dearth of information regarding the status, biologpd ecology of
diamondback terrapins on the islands of Bermudapitke having had a
presence there for over 400 years (Parham et08l8)2This has constrained
conservation efforts and has limited the ability toake informed
management decisions for the species. While itcctwel assumed that the
ecology of diamondback terrapins in Bermuda wowdsimilar to that of its
counterparts in the southern regions of the U.SB&rmuda’s population
differs in two fundamental ways: (1) it resides leso/ely within a limited
number of land-locked, brackish water ponds (rattiean the brackish

coastal environments that are typical along themit Ocean and the Gulf
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of Mexico), (2) it is situated upon a private gakburse that is heavily
impacted by anthropogenic activities. This studsréiiore aimed to gain a
greater understanding of the ecology of this sgeicid8ermuda, to compare
this with what is known from other areas of itsganand hence to inform
the development of a management plan detailingstiet-term and long-

term survival goals for the species on Bermuda.

Overview of Thesis

The thesis contains five data chapters focusingliffierent aspects of the
biology and ecology of Bermuda’s isolated populatiof diamondback
terrapins.

Chapter 2 describes the physical and biologicatatttaristics of the
four land-locked, brackish water ponds inhabitedBeymuda’s population
of diamondback terrapins.

Chapter 3 is a comprehensive demographic assessaiettte
population. This chapter provides, for the firsmeéi an estimate of
population size and describes various aspects aftriticture (sex ratio, size
classes, annual recruitment rates, density, andpiar biometrics). In
particular, its goals were:

(1) to collect baseline data for future population naning,

(2) to provide evidence-based data to the GovernmeBeohuda to

advocate the legislative protection of diamondbaciapins,

(3) to determine if Bermuda’s diamondback terrapin pafon is

vulnerable to local extirpation,

(4) to determine if other methods of terrapin captooald be

devised to increase the published catch-per-ufottef

Chapter 4 examines the feeding ecology of diamoridberapins in
Bermuda using direct observation, necropsies, famtalyses and gastric
lavage. The diet of diamondback terrapins has bstadied in various
regions throughout their North American range; hesvenothing is known
about their diet on Bermuda. It was envisaged tiedhiled knowledge of
terrapin diet in Bermuda would allow appropriatenservation and

management efforts to be directed towards protgdire areas in which
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they forage. The primary goal was to examine tle¢ @nd foraging ecology
of Bermuda’s terrapin population, with specific gito:

(1) determine particular food preferences withie tland-locked,

brackish water pond environment,

(2) to provide insight into any behavioufalaging adaptations that

diamondback terrapins might display within this ieowment,

(3) to assess the abundance and distribution dfogemgls within the

ponds and adjacent wetland communities.

Chapter 5 describes the nesting ecology of diamacidberrapins in
Bermuda. This population appear to be the only Wwildeding population
outside the North American range, and anecdotalegnie suggests that this
species has been nesting for many years in arcattiiabitat (sand bunkers
on the golf course). Quantitative assessments sifrrgeactivity in Bermuda
are lacking, and knowledge of reproductive outpuhéeded in order to
perform population modelling. The main goals o&tbihapter were:

(1) to determine the frequency of sand bunker ngsti Bermuda,

(2) to determine the duration of the nesting season

(3) to describe clutch size, egg morphology and chiag

biometrics,

(4) to establish the incubation and emergence g@&rio

(5) to report hatching success rates for BermudizEesnondback

terrapin population

Following consideration of some findings of Chapt& and 4,
during which yellow-crowned night heron®yctanassa violacea) were
identified as predators upon small diamondbaclapens in Bermuda and
the annual rate of recruitment to the adult terrggmpulation was observed
to be very low, Chapter 6 investigates the postrgem® movements and
survival of diamondback terrapin hatchlings in Bada for one month
following departure from their natal nests (usingdio telemetry).
Specifically, the aims were:

(1) to quantify the level of mortality during theenod when

hatchling terrapins may be most vulnerable to pgieda

(2) to identify areas of residency for terrapindmihgs and small

juveniles,
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(3) to compare hatchling activity levels and movatmeatterns

between those emerging in summer and those emeargsgging.

Chapter 7 examines whether petroleum hydrocarbpalycyclic
aromatic hydrocarbons and heavy metals are beingcbumulated by
Bermuda’s diamondback terrapins. Recent investigatof the health status
of the pond environment in Bermuda suggest thatethis a suite of
contaminants of concern that are having detrimesii@icts (e.g. inducing
developmental malformations, endocrine disruptiard ammunological
stress) on a range of taxa which constitute theleas fauna (Fort et al.,
2006; Fort et al., 2006; Bacon, 2010; Bacon et2d11,2). Given this earlier
research, it seemed possible that terrapins in Béanmight be negatively
affected by such contaminants which could put thpupation at risk. The
specific objectives of this chapter were to examihe levels of toxic
contaminants in benthic sediments in water bodié&rev diamondback
terrapins have been recorded, as well as in aggasitopods on which they
feed, and also in terrapin eggs. Examining thergxie which Bermuda’'s
diamondback terrapins are impacted by contaminaatg] how this
influences survival, is critical to the design gipeopriate management
initiatives and wetland remediation activities.

Chapter 8 considers the main discoveries of ttesarch, identifies
their implications for the continued survival ofadiondback terrapins on
Bermuda and suggests ways in which research caexpanded in the

future.
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Chapter 2: Description of the Study Site

Abstract

Bermuda’s native population of diamondback terrapiiabit four brackish
water ponds located on one square kilometre ofapgivand. Three of the
ponds are naturally occurring and one is man-madeare relatively
shallow and have bottoms comprised of deep orgaeiment. Water
temperature and salinity show great variability efeging upon the season.
The wetlands associated with the larger of the pands are dominated by
red mangrove trees while the smaller two ponds mageshes comprised
exclusively of grasses. All four ponds have beeatoiporated into a golf
course since the 1920s and are therefore heavggaied by anthropogenic

activities.

General overview of the diamondback terrapin ponds

Despite the presence of hundreds of pools and pomd@ermuda, the entire
population of diamondback terrapinddlaclemys terrapin) is found in only
four brackish water ponds on a private golf coutbe, Mid Ocean Club,
located in Smith’s Parish at the eastern end ofdla@ds; Mangrove Lake,
South Pond, North Pond, and Trott's Pond (Fig. ZNI) Outerbridge,
personal observation). Mangrove Lake and Trott'adPare the largest of
these ponds and both are simple basins fringededymangrove trees
(Rhizophora mangle) and characterized by shallow depths with bottoms
comprised of deep deposits of highly organic sedim@homas et al.,
1991). North Pond and South Pond are consideratgller in area,
shallower in depth, and lack mangrove vegetatiowdver both have small
marshes in their centres dominated by grassedoitlibodies of water are
situated upon a single square kilometre of Bermauth are only separated
from each other by, at most, 380 m of land (strialigie distance between
North Pond and Trott's Pond). All four ponds haweib incorporated into
the golf course as water hazards found betweefifthend eleventh holes.
No other diamondback terrapins have been discovereay other bodies
of water on Bermuda despite a series of extensiveegs of its wetland
communities conducted between 2004 and 2007 (Qudgsbet al., 2007;
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Outerbridge, 2008). Mangrove Lake, Trott's Pond &mtth Pond have
been designated as ‘nature reserves’ under the B8f8uda Development
Plan; however, South Pond is currently zoned azereational area’ (see
Fig. A2.5 in Appendix 2).

Mangrove Lake

© Bermuda Zoological Society
Figure 2.1. Aerial photograph of Bermuda showing the locatdrthe four
diamondback terrapin ponds. (Modified from an dariap of the Bermuda
Islands).

© Bermuda Ministry of Environment, Planning and Infrastructure
Figure 2.2. Aerial photograph from 2003 showing the four diaaloack
terrapin ponds situated on the Mid Ocean golf a{fs=Mangrove Lake,
B=Trott's Pond, C=South Pond, D=North Pond).
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Mangrove Lake

Mangrove Lake (Fig. 2.3 below and Fig. A2.1 in Apgix 2), is presently a
simple basin that is 9.89 hectares (ha) in arekyleaed in ArcGIS 9.0

using a 2003 digitized aerial orthophotograph & Bermuda islands) and
characterized by shallow depths, averaging only d®4(maximum depth

223 cm; minimum depth, and standard deviation epbrted) (Thomas et
al., 1991), fairly even contours and a gently sigmhoreline (Fig. 2.4).

Mangrove Lake is currently the largest of Bermudaixhialine
ponds and is believed to have formed during the 1&a900 years (Watts
and Hansen, 1986). The pond bottom comprises deegsids of gelatinous,
sapropelic sediment from which patches of widgealasg Ruppia
maritima) grow in dense clumps. Stratigraphic evidence ciaigis that
Mangrove Lake's sedimentary environment has underginree major
depositional changes over time as a result of seal Ichanges; peat,
freshwater gel, and brackish water gel (Hatchexl.et1982). Thomas et al.
(1991) reported that the present-day sediment dsegpra matrix of mostly
silt-clay, organic mud and detritus. Mangrove Lakeoften subject to
considerable changes in oxygen, redox potentiaipézature, salinity and
nutrient levels (Thomas et al.,, 1991). A few snmlbterranean fissures
ensure that ocean water still enters this pond fiftersouth shore; however,
there is a very low flushing rate (calculated frttva mean tidal exchange as
a percentage of low tide volume) of 1% as well asnall tidal range of 1.4
cm (Thomas et al., 1992). Water temperatures wegerted to range from
20-29.1°C (mean 24.6°C; SD 3.4°C); surface safisifimeasured using an
optical refractometer) from 27-33 psu (mean 29.4; 8D 2.2 psu) from
1980-1989 (Thomas et al., 1991). More recent degaeported below.

The pond is surrounded by a mangrove swamp togalti3 ha in
area and dominated almost exclusively by red masmgtoees that reach
heights of 8 m (Thomas, 1993) (Fig. 2.5). The meadth of this fringing
swamp is approximately 12 m; however it does aawidth of over 60 m
in the NE and SW corners of the pond (M. Outerl@jdgersonal
observation). The sediment within the swamp is higlorganic content
resulting primarily from leaf-fall and decay andnéabited by a number of

different invertebrate species (Thomas et al., 1992
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Mangrove Lake and the surrounding land are owned tgriety of
private individuals and organizations. The pondmastly owned by the
Tucker’s Point Club, although this club has recentifered to donate its
entire holding to the Bermuda Government to be lasldh nature reserve.
The owners of the surrounding land include the icean Club (which
owns the land adjacent to the northern shorelinghefpond), the Bermuda
National Trust (which owns the land bordering thestern end of the pond),
and a number of private individuals who live aldhg southern and eastern

shorelines of the pond.

87



© Bermuda Ministry of Environment, Planning and Infrastructure

Figure 2.3.Aerial photograph from 2005 showing Mangrove Lake.

Figure 2.4. Bathymetry and surrounding topography of Mangrhede.
Depth contours are shown in centimetres below meantide level and

height contours are shown in metres. (Adapted fftiwmas et al., 1991).
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A B

Figure 2.5. Cross section diagram of the mangrove swamp prafil
Mangrove Lake. MLW=mean low water. The light grdeze represents the
transition zone from terrestrial to swamp communityl comprises species
such as the introduced and invasive Brazil peppee tEchinus
terebinthifolia); the dark green tree represents the mangrove coiiyn
(e.g. native red mangrovéRhizophora mangle); box A shows the
adventitious mangrove prop root and benthic ldasdflicommunities of the
intertidal zone; box B shows a cluster of mangroysters (sognomon
alatus) growing on a mangrove prop root below water leggtapted from
Thomas, 1993).

89



Trott's Pond

Trott’'s Pond (Fig. 2.6 below and Fig. A2.2 in Appen2) is situated less
than 300 m to the east of Mangrove Lake. It is 21&8n area (calculated in
ArcGIS 9.0 using a 2003 digitized aerial orthoplgpéph of the Bermuda
islands) and formed between low Pleistocene sandegduthat were
inundated by postglacial seas. During interglap&iiods of low sea level,
freshwater slowly eroded away the depression cmgdfissures through
which saltwater entered from the south shore as#aelevel rose around
Bermuda. Trott’'s Pond is currently a simple badaracterized by fairly
shallow depths, with the deepest part at its cefttheas fairly even contours
and a gently sloping shoreline (Thomas et al., 1998e connection to the
ocean is small and located near the surface. Tdniseaction gives Trott's
Pond a very low flushing rate (calculated from mhean tidal exchange as a
percentage of low tide volume) of 0.5% and a srid#ll range of 1.5 cm
per tidal cycle. Rainfall and surface runoff frorhet surrounding area
usually do not mix with the saltwater below, busterad float as a distinct
layer on top, eventually draining off through therface connection
(Thomas, 2002). The pond has a bottom that conypueep deposits of
highly organic sediments consisting of a matrixnebstly sand, silt-clay,
organic mud and detritus (Thomas et al., 1991), isngurrounded by a
mangrove swamp totalling 0.8 ha in area dominatethst exclusively by
red mangrove trees (Thomas, 1993). The mean widthifringing swamp
is less than 10 m; however it does attain a widtapproximately 30 m in
the SW corner of the pond (M. Outerbridge, persastaervation). The
mean depth in Trott's Pond was reported to be 269the maximum was
320 cm (minimum depth, and standard deviation eported) (Fig. 2.7).
Water temperatures were reported to range from1t&8mean 24.5°C; SD
4.8°C) and surface salinities varied from 23.5-3%6& (mean 27.4 psu; SD
2.6 psu) from 1980-1989 (Thomas et al., 1991).

The sediment within the swamp surrounding Trott®dPis high in
organic content, resulting primarily from leaf-falhd decay and is inhabited
by a number of different invertebrate speciesalt,fTrott’s Pond shares at
least twelve species in common with the neighbgufifangrove Lake,

including the mangrove oyster, the coffee bean marsail Melampus
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coffeus), the Bermuda killifish Fundulus bermudae), and the diamondback
terrapin (Thomas et al., 1992).

© Bermuda Ministry of Environment, Planning and Infrastructure

Figure 2.6.Aerial photograph from 2005 showing Trott's Pond.

Figure 2.7.Bathymetry and surrounding topography of Trotts&. Depth
contours are shown in centimetres below mean lde kevel and height
contours are shown in metres. (Adapted from Thoetas., 1991).
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South Pond
South Pond (Fig. 2.8 below and Fig. A2.3 in Apperg)ilies to the north of
Mangrove Lake and Trott’'s Pond, virtually equidigtérom both bodies of
water. It is much smaller than both ponds, haviegrbdeliberately dredged
to create a golf course water hazard during thedd99ee Chapter 1). A
land bridge separates this pond into two distiroatiés of water; the moat-
like pond to the north (South Pond major) and allspand to the south
(South Pond minor). However, these two bodies dfeware collectively
known as ‘South Pond’, unless otherwise stated.tiSdeond totals
approximately 0.45 ha in area (major and minor doed), of which 0.27
ha comprises the central saw-graSkdium jamaicense) marsh. (Note: all
areas were calculated in ArcGIS 9.0 using a 200@itiskd aerial
orthophotograph of the Bermuda islands). The dgliof South Pond is
much lower than in neighbouring Mangrove Lake amdttls Pond, and
varies seasonally between the major and minor p(seis Table 2.3 below).
Mangrove trees are not present at this site, leustiall marsh located in the
centre of South Pond major comprises mostly sawsgand to a lesser
extent cattail Typha angustifolia). The emergent vegetation that grows
around the perimeter of South Pond minor is exetligisheathed paspalum
(Paspalum vaginatum) which is periodically trimmed by the course
maintenance staff of the Mid Ocean Club. Widgeasgrgrows seasonally
within South Pond, and the pond bottom is compriskdhighly organic
sediment. The mean depth in South Pond major isn3§range 20-52 cm;
SD 8.7 cm) while South Pond minor averages 89 emg@ 30-122 cm; SD
23 cm) (M. Outerbridge, unpublished data). The wkgeels in South Pond
vary considerably according to the amounts receivedugh rainfall. In
periods of drought it is not uncommon for area$Sofith Pond major to be
reduced to depths of <5 cm, or even to dry up detaly (M. Outerbridge,
personal observation) (Fig. 2.9). Conversely, dumperiods of very heavy
rainfall the water level rises, floods the saw-gragarsh and spills over on
to the surrounding land (Fig. 2.10).

South Pond is used by a variety of waterbirds thalude both
resident species (e.g. yellow-crowned night hemdyctanassa violacea)),

moor hen Gallinula chloropus)) and migratory species (e.g. American coot
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(Fulica americana), American bittern Botaurus lentiginosus)). It is also
inhabited by another emydid turtle; the red-eatatks (Trachemys scripta
elegans), which was introduced to Bermuda via the pet tiagéne mid 28
century. This species has established feral pdpokin at least 20 fresh
and slightly brackish water ponds throughout Beranadd was found to be
living in densities estimated to be as high as @8tles hd (Outerbridge,
2008). Between 2005 and 2009, 86 red-eared slifters juveniles, 20
males, and 56 females) ranging in size from 84-42®7 straight carapace
length (SCL) were captured and permanently reménged South Pond (M.
Outerbridge, unpublished data). The ecological hphat feral red-eared
sliders have on native chelonians in other regibas been reported by
others (Hays et al., 1999; Cadi and Joly, 2003ni&pet al., 2003; Cadi and
Joly, 2004); however, the impact on the Bermudiapubation of
diamondback terrapins is currently unknown. Furtsterdies are needed to
determine whether diamondback terrapins are besuygtively affected by

this introduced species.

© Bermuda Ministry of Environment, Planning and Infrastructure
Figure 2.8. Aerial photograph from 2005 showing South Ponditsdond

major is the top body of water and South Pond misdne bottom body of

water.
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Source: Mark Outerbridge
Figure 2.9. South Pond major during a drought. Note the diatbank

terrapin tracks in the mud on the right. Thesekisahow that an individual
entered from South Pond minor but turned aroundtighthereafter and
departed.

Source: Mark Outerbridge
Figure 2.10.South Pond major during a flood.
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North Pond

North Pond (Fig. 2.11 below and Fig. A2.4 in Appen2) is located some

220 m north of South Pond and is approximatelyha4n area (calculated
in ArcGIS 9.0 using a 2003 digitized aerial orthofdgraph of the Bermuda
islands). Although it is a naturally occurring ponid has also been
periodically dredged over the years since the coasbn of the golf course.

The salinity in this pond is slightly lower than ithe neighbouring

Mangrove Lake and Trott's Pond, but higher than dfi&outh Pond (Table

2.3). Mangrove trees are also not present at tfeislowever, there are five
small islets located in the pond which are domiddte sheathed paspalum.
As with the three other diamondback terrapin pohldsth Pond’s bottom is

comprised of highly organic sediment. The mean ldeptwater is 22 cm

(range 10-48 cm; SD 8.4 cm) (M. Outerbridge, unigshleld data). The

water levels in North Pond vary considerably, adoay to the amounts

received through rainfall. The pond is greatly reetliin area during periods
of drought (Fig. 2.12), when a great deal of thistland is converted to a
mud flat which is frequented by foraging birds. Dgr periods of heavy

rainfall the water level rises, floods the grassshas and may even spill
over on to the surrounding golf course (Fig. 2.() Outerbridge, personal

observation).

© Bermuda Ministry of Environment, Planning and Infrastructure

Figure 2.11.Aerial photograph from 2005 showing North Pond.
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Source: Mark Outerbridge
Figure 2.12.North Pond during a drought.

Source: Mark Outerbridge
Figure 2.13.North Pond during a flood.
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Water temperatures and salinitiesof the diamondback terrapin ponds
The surface salinities in all four ponds were rdedr between 2009 and
2011, and temperatures were recorded in South Rwajdr (2009-2011)
and Mangrove Lake (2010 and 2011 only). Temperata® recorded every
six hours using permanently deployed digital HOB&nhgtant data loggers
(model # UA-002-08 from Onset Computer Corporatisa3pended in the
middle of each water body and salinity was measateddepth of 10 cm in
three separate locations within each pond on adpithty basis, whenever
possible, using an optical refractometer.

The mean monthly mid-water temperatures for SouwthdPmajor
between 2009 and 2011 are summarised in Table Th&. 2009 mean
temperature was 23.7°C and the mean range was (F&l@uary)-30.6°C
(August); however the coldest temperature occuimedanuary (12.2°C)
while the warmest occurred in July (38.9°C). Thd@@nean was 24.7°C
(based upon an eight month period) with a mean hipménge of 18.1°C
(January)-31.4°C (July); the coldest temperatureuoed in March
(11.6°C) while the warmest occurred in June (39°C)e 2011 mean was
23.3°C with a mean monthly range of 15.7°C (Felyud®.9°C (August);
the coldest temperature occurred in February (12f8ile the warmest
occurred in July (35.1°C) (Fig. 2.14).

The mean monthly mid-water temperatures for Mangrbake in
2010 and 2011 are summarised in Table 2.2. The B@dénh was 23.5°C
(based upon an eight month period) with a mean hipmange of 15.6°C
(February)-30.6°C (July); the coldest temperatuceuaed in February
(13.7°C) while the warmest occurred in July (33.6°The 2011 mean was
23.5°C (also based upon an eight month period) svithean monthly range
of 22.1°C (December)-33.5°C (July); the coldestgerature occurred in
December (16.3°C) while the warmest occurred ig (88.5°C) (Fig. 2.14).
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Table 2.1. (left) Minimum, maximum and mean monthly mid-water
temperatures for South Pond major from January 200@ecember 2011
(db=dead battery).

Table 2.2. (right) Minimum, maximum and mean monthly mid-wate
temperatures for Mangrove Lake from January 201@ésember 2011

(ns=not sampled, db=dead battery).

South Mangrove
Pond min  max mean Lake min max mean
major (C) (©) (O © © (©
Jan-09 122 238 17.2 Jan-09 ns ns ns
Feb-09 124 229 17.0 Feb-09 ns ns ns
Mar-09 13.2 285 19.6 Mar-09 ns ns ns
Apr-09 16.0 31.6 22.0 Apr-09 ns ns ns
May-09 18.8 339 247 May-09 ns ns ns
Jun-09 23.2 36.6 282 Jun-09 ns ns ns
Jul-09 242 389 305 Jul-09 ns ns ns
Aug-09 26.7 36.3 30.6 Aug-09 ns ns ns
Sep-09 25.1 339 28.9 Sep-09 ns ns ns
Oct-09 206 29.1 252 Oct-09 ns ns ns
Nov-09 15.8 25.1 20.9 Nov-09 ns ns ns
Dec-09 158 247 19.7 Dec-09 ns ns ns
Jan-10 13.1 23.8 18.1 Jan-10 16.3 183 17.2
Feb-10 15.6 265 20.6 Feb-10 13.7 18.0 15.6
Mar-10 11.6 289 19.8 Mar-10 14.8 224 18.6
Apr-10 146 31.7 234 Apr-10 183 247 216
May-10 18.2 31.3 24.2 May-10 20.7 29.2 253
Jun-10 219 39.0 29.6 Jun-10 24.6 327 29.1
Jul-10 254 385 314 Jul-10 28.1 33.6 30.6
Aug-10 24.7 37.0 30.3 Aug-10 27.8 324 29.7
Sep-10 db db db Sep-10 db db db
Oct-10 db db db Oct-10 db db db
Nov-10 db db db Nov-10 db db db
Dec-10 db db db Dec-10 db db db
Jan-11 124 233 184 Jan-11 db db db
Feb-11 12.0 20.7 15.7 Feb-11 db db db
Mar-11 131 26.1 19.0 Mar-11 db db db
Apr-11 142 279 215 Apr-11  db db db
May-11 175 30.3 24.6 May-11 25.1 295 27.6
Jun-11 193 344 277 Jun-11 254 325 28.0
Jul-11 243 351 29.6 Jul-11 26.1 335 304
Aug-11 259 34.8 299 Aug-11 27.8 323 30.0
Sep-11 25.6 327 287 Sep-11 27.0 315 29.1
Oct-11 18.7 294 249 Oct-11 21.7 291 256
Nov-11 169 25.0 21.3 Nov-11 19.4 250 21.9
Dec-11 134 233 187 Dec-11 16.3 221 19.2
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Figure 2.14.Monthly mean mid-water temperatures for South Romajor)
from 2009-2011 and Mangrove Lake from 2010-201l1la Smurface
temperatures have been added for comparative pes@osl were obtained
from the Bermuda Weather Service. (Note: water tmatpre data does not
exist for South Pond during the last third of 2air0Ofor Mangrove Lake
during the last third of 2010 and the first thifd2011 because the batteries
in the data loggers failed during those periods).

The mean monthly surface salinity for South PondomaSouth Pond
minor, North Pond, Trott’'s Pond, and Mangrove Lé&ken January 2009 to
August 2011 are summarised in Table 2.3 and iltistr in Fig 2.15.
Salinity varied between South Pond major and Sé&athd minor; with the
latter being more saline throughout the study krichis increased salinity
is probably linked to the fact that the dredgingivaties during the 1990s
exposed South Pond minor to the saline water lemseidiately below the
pond. South Pond major is shallower and therefess Influenced by this
lens. The mean salinity for 2009 in South Pond m#&jas 3.7 practical
salinity units (psu) [range 0.3 (September)-6.h¢day)], while in South

Pond (minor) it was 6.3 psu [range 1.3 (April)-1QJanuary)]. In 2010 the
annual mean in South Pond major increased to Xu4rpnge 4.8 (March)-
16.8 (July)], and in South Pond minor it was 13shbl frange 7.8 (April)-
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18.7 (June)]. In 2011 the mean in South Pond majreased to 14.7 psu
[range 6.3 (January)-21.3 (July)], and in SouthdPamnor it was 17 psu
[range 12 (January)-21.3 (July)].

North Pond showed the greatest variation in mongalynity during
this period. The mean surface salinity in 2009 ®8$ psu; range 18.7
(August)-27.7 (March). The mean salinity in 2010swi®.1 psu, range 10
(March)-31 (July); and in 2011 the mean salinitet(ieen January and
August only) was 22.3 psu, range 13 (January)-@Rugust).

The mean surface salinity for Trott’'s Pond in 2008s 27.4 psu;
range 22.5 (August)-29.7 (January). The mean $alini 2010 was 29.3
psu, range 25.5 (March)-31.7 (July); and in 20ElLtean salinity (between
January and August only) was 30.1 psu, range M&/)31.3 (July and
August).

Mangrove Lake was the most saline of the four patddied during
this period. The mean surface salinity in 2009 \28s3 psu; range 23.3
(September)-30.7 (Apirl). The mean salinity in 2@t&s 30.6 psu, range 26
(January)-34.3 (July); and in 2011 the mean sglifbetween January and
August only) was 32.8 psu, range 30.3 (April)-3&udgust) (Fig. 2.15).

Monthly rainfall values between June 2008 and Déwer 2011 for
Bermuda were obtained from the Bermuda Weather i&erv
(www.weather.bm; accessed in March 2014) and ghfifig. 5.16).
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Table 2.3.Minimum, maximum, and mean monthly salinities (pi@al salinity units or psu) at a depth of 10 @n $outh Pond major,

South Pond minor, North Pond, Trott's Pond, and ifave Lake from January 2009 to August 2011 (nssaatpled).

South Pond major South Pond minor North Pond Trott's Pond Mangrove Lake
- (psu) ~ (psu) . (psu) _ (psu) . (psu)

min max mean |mMin mMax mean | MmN mMax mean | MmN mMax mean | mn max mean

Jan-09 | 6 7 6.7 10 11 10.7 26 26 26.0 29 30 29.7 29 31 30.0
Feb-09 | 6 7 6.3 9 10 9.7 23 23 23.0 28 29 28.7 29 29 29.0
Mar-09 | 4 5 4.7 8 9 8.7 27 28 27.7 29 30 29.5 30 30 30.0
Apr-09 | 6 7 6.3 1 2 1.3 24 24 24.0 28 28 28.0 30 32 30.7
May-09 | 4 5 4.7 3 3 3.0 23 23 23.0 28 28 28.0 29 29 29.0
Jun-09 | 1 3 2.0 5 6 5.7 22 23 225 26 28 27.0 29 30 29.3

Jul-09 | ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Aug-09 | 1 2 1.7 5 6 5.7 18 19 18.7 22 23 225 25 28 26.7
Sep-09| O 1 0.3 5 6 5.7 ns ns ns ns ns ns 22 24 23.3

Oct-09 | ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Nov-09 | 1 1 1.0 6 7 6.3 22 22 22.0 25 25 25.0 26 26 26.0

Dec-09 | ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Jan-10 | 5 7 6.0 8 8 8.0 10 13 11.7 27 27 27.0 25 27 26.0
Feb-10 | 6 7 10 10 10 10.0 13 13 13.0 27 28 27.3 27 29 28.3
Mar-10 | 3 7 4.8 9 10 9.4 9 11 10.0 25 26 255 27 28 27.3
Apr-10 | 4 7 6.0 4 11 7.8 13 16 145 25 28 27.0 27 30 29.0
May-10 | 10 17 13.4 100 21 15.8 22 30 26.8 29 31 30.0 30 32 31.0
Jun-10 | 12 19 16.7 18 19 18.7 27 31 28.8 28 31 30.3 32 35 34.0
Jul-10 | 14 20 16.8 16 20 17.3 30 33 31.0 30 33 31.7 33 36 34.3
Aug-10 | 8 18 12.8 15 19 17.0 17 20 18.6 29 30 29.4 30 35 32.3




Table 2.3.(continued) Minimum, maximum, and mean monthlyrsaés (practical salinity units or psu) at a depf 10 cm for South

Pond major, South Pond minor, North Pond, Trotdad? and Mangrove Lake from January 2009 to AugQ&t (ns=not sampled).

South Pond major South Pond minor North Pond Trott's Pond Mangrove Lake
(psu (psu) (psu) (psu) (psu)
min | max | mean min max | mean | min | max mean | min | max | mean | min | max | mean
Sep-10| 6 10 8.5 11 12 11.3 | 15 18 16.5 29 30 29.2 28 | 32 30.0

Oct-10 | 9 11 10.0 15 16 153 | 20 21 20.7 30 | 30 30.0 28 | 29 | 28.3
Nov-10 | 10 11 10.7 15 15 15.0 | 20 20 20.0 30 | 31 30.7 31 | 32 | 317
Dec-10 | 9 12 10.8 14 15 14.7 | 14 20 17.5 28 | 31 29.5 32 | 33 | 31.3

Jan-11| 5 7 6.3 12 12 | 12.0 | 12 14 130 | 29 | 32 30.7 31 | 32 | 317
Feb-11 | 13 | 13 13.0 16 17 | 163 | 14 16 150 | 29 | 29 29.0 30 | 31 | 30.7
P Mar-11 | 13 | 14 13.3 13 14 | 137 | 19 20 19.7 | 29 | 30 29.7 32 | 33 | 327
n Apr-11 | 11 12 11.3 14 15 14.3 | ns ns ns ns | ns ns 30 | 31 | 30.3

May-11 | 17 17 17.0 18 19 18.7 | 27 27 27.0 27 | 28 27.3 31 | 32 | 317
Jun-11 | 17 18 17.3 20 20 20.0 | 27 28 27.3 30 | 32 30.7 34 | 35 | 347

Jul-11 | 20 22 21.3 20 22 213 | 32 34 33.0 30 | 34 31.3 35 | 35 | 35.0
Aug-11 | 18 18 18.0 18 20 19.3 | 28 30 29.3 30 | 32 31.3 35 | 36 | 357
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Figure 2.15.Monthly mean salinities (practical salinity unds psu) at depth of 10 cm for Mangrove Lake

(ML), Trott's Pond (TP), North Pond (NP), and So&nd (SP) from January 2009 to August 2011.
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Mid Ocean golf course management activities aroundhe terrapin
ponds
The Mid Ocean golf course has a full-time coursénteaance department,
whose staff members are employed to maintain tH&ngogreens and
surrounding environment for all 18 holes. Thesevaigs vary throughout
the year and are performed by a variety of speadlimachinery. The
degree to which these activities affected the diaback terrapins residing
in the ponds and their environs was largely unkn@niar to the onset of
this doctoral study. Daily golf course maintenanaetivities include
trimming, weeding, and mowing the greens. Lessuead| activities include
the edging and excavation of pre-existing sand brgktrimming the
emergent vegetation (e.g. sheathed paspalum dgrassyrows around the
periphery of the ponds, trimming mangrove trees thiscure the views of
the greens, and aerating and fertilizing the faysva

The club currently tries to use environmentallyefdly products
(e.g. poultry manure) and practices (e.g. manuadédivg) as often as
possible rather than apply synthetic chemicals. (@aundup). This ethos,
however, has not always been practiced. The Iattirof the 28' century
saw a massive increase in the production and s$adgrohetic pesticides,
herbicides, fungicides, and fertilizers used fortisalture and agriculture
across the globe (Robinson and Sutherland, 200@biRe and Sharp, 2003;
Mikkelsen and Bruulsena, 2005). Many chemicals. (ead arsenate) were
imported into Bermuda and routinely applied to fagways and to the
ponds on the Mid Ocean golf course (as well asrsjhie order to promote
the growth of desired grasses and deter the graktbnwanted fungi,
weeds, and algae (N. Furtado, personal communigatiDecades of
applying these chemicals, some of which have lgngthlf-lives, have
created toxic conditions on Bermuda (Fort et al0&). Many of these
chemicals have leached into the wetlands and haredataminants,
particularly heavy metals, petroleum hydrocarbditt{ gasoline-range and
diesel-range), and polycyclic aromatic hydrocarbares now found within
the benthic sediment of a number of ponds acrossi#ga, including South
Pond, Mangrove Lake, and Trott's Pond. (J. Bacorersgnal

communication).
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Another practice of the 1950s, now long-abandoned, the burning
of the saw-grass marsh at South Pond. The usereftdi eliminate
undesirable vegetation in this marsh was frequesrployed for decades
before being abandoned in favour of more environaign sensitive
practices (N. Furtado, personal communication)séhty, the golf course
maintenance staff allow the saw-grass in this margmaturally decompose
in-situ.

The control of feral chickensGéllus domesticus) and feral cats
(Felis catus) occurs sporadically on the Mid Ocean propertye Thickens
are periodically culled using traps baited withigrahile the resident cats
are fed at established feeding stations. The Mida@cClub tries to keep
these cats from reproducing by having them captuaad spayed or

neutered, before releasing them back into the enmient.
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Chapter 3: Demographic Assessment of the Diamondbld errapin

Population in Bermuda

Abstract

Diamondback terrapinsMalaclemys terrapin) are native to the remote
oceanic islands of Bermuda, and presently inhatdif tour small brackish
water ponds. A three year mark-recapture study pearmed to collect
baseline abundance and demographic data for futweitoring. It is
estimated that just 100 individuals with a straightapace length of81
mm live on Bermuda, of which 48.5% were considesegually mature.
The population is dominated by females (sex rat@12, with a mean
straight carapace length of 158 mm (range 116-196 ®D 22.6 mm;
n=64) and a mean mass of 720 g (range 270-134Mg28&6 g; n=64).
Males had a mean straight carapace length of 123naamge 109-134 mm,;
SD 8 mm; n=22) and a mean mass of 281 g (range3300g; SD 47 g;
n=22). Annual growth rates varied by sex and stageenile terrapins
displayed the greatest change in straight carafeugh (SCL) growing
22.4 mm yt* (range 17-30.9 mm yt; SD 7.5 mm yf%), female SCL growth
was found to be 7.9 mmYfrange 1-20.7 mm yf; SD 6.6 mm yf*) while
male SCL growth was 0.8mmYfrange 0-2.1 mm yr; SD 0.8 mm yr).
Over the three year period annual recruitment wstgnated to be two
terrapins. The findings indicate that the Bermudopulation is very
vulnerable to local extirpation. The data informeadvocates for the
legislative protection of Bermuda’s diamondbackapins. Because of this
study, diamondback terrapins received legislativetgztion from the

Government of Bermuda in 2012.

Introduction

The diamondback terrapin is one of only two emyuidles living in the
inland pond environments of the isolated ocearlands of Bermuda The
other, Trachemys scripta elegans, was introduced to Bermuda via the pet
trade (Bacon et al., 2006), and numerous feral ladipns are present
throughout the islands (Outerbridge, 2008). Diantaat terrapins are less

abundant and have a greatly restricted local Higfion (Davenport et al.,
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2005). Parham et al. (2008), using a combinatiorfossil, radiometric,

geological and genetic data, confirmed the earlBmpothesis that

diamondback terrapins could have naturally colahitee remote oceanic
islands of Bermuda from mainland North Americangsihe Gulf Stream as
the transport mechanism (Davenport et al., 200%hited data on the
population status of diamondback terrapins in Belanhave constrained
conservation efforts. Knowledge of basic populas@e and demographics
was deemed necessary to make informed managenmsibds and support
construction of a species recovery plan for Bermuda

Diamondbacks terrapins have been overexploited adfetted by
habitat loss and other anthropogenic influencethenU.S.A. (see reviews
by Butler et al., 2006; Ernst and Lovich, 2009).eyhwere listed as a
globally near-threatened species by the Internatiodnion for the
Conservation of Natural Resources (IUCN) in 199eill status within the
U.S.A., ranges from ‘endangered’ to ‘a speciespeic&al concern’ (Lee and
Chew, 2008). In 2013, this species was included\ppendix Il of the
Convention on International Trade in Endangeredctggeof Wild Fauna
and Flora (CITES) in an attempt to regulate intdomal trade so that
exports from the native range are not detrimemtahé species’ survival in
the wild.

Population estimates can be accomplished usingralecapture-
mark-recapture approaches. Methods for determinaiguindance in
diamondback terrapin populations in North Americavén included the
Petersen (or Lincoln- Petersen) method (Hurd etl8I79; Avissar, 2006),
the Jolly-Seber (also known as the Cormack-Jollye®estochastic method
(Roosenburg et al., 1997; Hart, 2005), and the &wobinmethod (Seigel,
1984; Butler, 2002).

Effective sampling of any species requires spemdlitechniques
that suit the habitat and reflect the ecology ef tirget species (Akre et al.,
2012). The heterogeneity of diamondback terrapipitats throughout the
North American range has required the use of diffemethods, some of
which are inherently biased towards a particular @®g. mature females
hand-captured at nesting sites) or size class &elgts and large juveniles

are present within the aquatic environment whemasnates and small
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juveniles are typically not). Most of the publishédrature for terrapins has
involved studies within the salt marsh environmant] the capture gear has
included otter trawls (Hurd et al., 1979; Lovichda@ibbons, 1990; Butler,
2000), seine and trammel nets (Lovich and Gibbd890; Tucker et al.,
1995; Simoes and Chambers, 1999; Gibbons et ab];28arden et al.,
2007), gill nets (Seigel, 1984; Butler, 2000), eeddank traps and fyke nets
(Roosenburg et al., 1999), hoop and cast nets€BW0D00), and crab traps
(both commercial and modified varieties) (Bishop83; Roosenburg et al.,
1997; Wood, 1997; Roosenburg et al., 1999; Bu#26Q0, 2002; Avissar,
2006). Fewer studies have been published within thangrove
environment, but Hart and Mclvor (2008) used conuiaércrab traps and
dip nets (favouring the latter) to capture terragmSW Florida. The hand-
capture of adult females while at nesting sitesdias occurred throughout
the range (Burger and Montevecchi, 1975; Burget,71%Roosenburg and
Dunham, 1997; Butler, 2002; Feinberg and Burke 3200

The present investigation had the following objessi (1) to
estimate the size of the Bermudian terrapin pomnat(2) to analyze the
population structure to determine demographic aharstics (sex ratio,
size classes, annual recruitment rates, and dgngi3) to test the
effectiveness of two different trapping methods, @ determine somatic
growth rates in Bermuda’s terrapin population amanpare them with
known rates in North American terrapins, and (5ptovide scientific data
on their abundance to the Government of Bermudahao this native
species could be included in the Bermuda Protegpeties Act (2003).

Methods

Study site

The entire known Bermudian terrapin population ef found in four

neighbouring brackish water ponds (Mangrove Lakeuytls Pond, North

Pond, and Trott's Pond (Figs. 3.1 and 3.2)) onieap golf course located
at the eastern end of the islands (32.32858°N,064.7°W; WGS 84). All

were incorporated into the golf course as watemafds during the 1920s

and are situated upon a single square kilometdaraf. The total surface
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area of each of the ponds was calculated in Arc&I® using a 2003
digitized aerial orthophotograph of the Bermudarnsls. Mangrove Lake is
the largest pond on Bermuda, approximately 10 haarea, and is
characterized by shallow depths (averaging 134 ¢airJy even contours,
and a gently sloping shoreline (Thomas et al., 199he pond bottom
comprises deep deposits of gelatinous, sapropetiorent (Hatcher et al.,
1982) from which patches of widgeon gragsgpia maritima) grow in
dense clumps. This entire body of water is surredndy a mangrove
swamp totalling 2.3 hectares in area and dominayered mangrove trees
(Rhizophora mangle) (Thomas, 1993). The mean monthly mid-water
temperature during 2010 was 23.5°C (range 15.6:380b 6.0). Surface
salinity averaged 29.4 psu (range 23.3-34.0; SD Between 2009 and
2010.

Trott’s Pond is approximately 3 ha in area. Thecbas a mean
depth of 269 cm, and a bottom that comprises demosits of highly
organic sediments consisting of a matrix of mostind, silt-clay, organic
mud and detritus (Thomas et al., 1991). Trott'sdPisralso surrounded by a
mangrove swamp, totalling 0.8 hectares in area dmainated by red
mangrove trees (Thomas, 1993). Mangrove Lake antt’'3Pond are both
anchialine ponds (isolated, saline, land-locked id®dof water with
permanent - often subterranean - connections t@tkan), and are refugia
for various rare native and endemic fauna, inclgdime Bermuda killifish
(Fundulus bermudae) (Outerbridge et al., 2007), the flat mangroveterys
(Isognomon alatus) (Thomas and Dangeubun, 1994), as well as the
diamondback terrapin (Davenport et al., 2005). Tian monthly mid-
water temperature between 2009 and 2010 was ndaliea The surface
salinity averaged 28.3 psu (range 22.5-31.7; Sh 2.2

North Pond and South Pond are considerably smiallarea (both
approximately 0.4 ha), much shallower in depth (agieg 30 cm), and lack
mangrove vegetation; however both ponds have smalishes in their
centres dominated by grasse€ladium jamaicense and Paspalum
vaginatum). Neither pond is directly connected to the ocelaum, water
levels in both vary considerably with rainfall thghout the year, which

causes great variability in temperature and sgli(see Chapter 2). The
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mean monthly mid-water temperature between 2009 201D at South
Pond was 24.1°C (range 17.0-31.4; SD 5.0), and silwace salinity
averaged 7.5 psu (range 0.3-16.8; SD 4.8) duriagdme period. The mean
monthly mid-water temperature between 2009 and 2@10orth Pond was
not available. The surface salinity averaged 288 (pange 10.0-31.0; SD
5.8).

For a comprehensive description of these studyg glease refer to
Chapter 2.

i Trott's Pond

Mangrove Lake

© Bermuda Zoological Society

Figure 3.1. Aerial photograph of Bermuda showing the locatibrthe four

diamondback terrapin ponds.
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© Bermuda Ministry of Environment, Planning and Infrastructure

Figure 3.2. Aerial photograph from 2003 showing the four disrdback

terrapin ponds situated on the Mid Ocean golf a{fs=Mangrove Lake,
B=Trott's Pond, C=South Pond, D=North Pond).

Mark and Recapture Sampling (Schnabel method)

Based on the conditions in the Schnabel formula\ahdt was previously
known about the restricted occurrence of diamonkibserrapins in
Bermuda, the Schnabel method was determined tché@emost suitable
method to obtain estimates for Bermuda’s terrapputation, and was
achieved by performing a three year survey basednark and multiple
recapture sampling. Bermuda’'s terrapins are coreideto be a
geographically closed population (e.g. no immignatior emigration).
However, since the surveys spanned a three yemdpide population was
demographically open (e.g. growth through recruiimand loss through
death). Animals are captured on several occasives tane; all unmarked
terrapins in each capture session are marked imique& and readily

identifiable way at the time of their first captuaed then released back into
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the pond from which they had been trapped. By @ingrthe total number
of terrapins captured in each trapping event, tiralver of marked terrapins
among them, and the number of unmarked terrapirehgrthem, the total

population can be continuously estimated by udnegfdllowing formula:

Total Population (N) £nM?%
rXmM;
Where:
i =i"™ sample
n = number of animals in tH& sample
m = number of animals in th& sample that are carrying marks
u; = number of unmarked animals in tffesample i§; - my)

M; = number of animals marked prior to iffesample

Confidence in the Schnabel formula is maintaineavigied the following

conditions are met;:

1. The initial sample taken is representative of tiigre population,

2. The probability of recapture and the survival af tharked terrapins
are not compromised by the marking technique,

3. That marked terrapins are as vulnerable to theimgptechnique as
are unmarked terrapins,

4. That marked terrapins become randomly mixed with uhmarked
terrapins in the pond,

5. That marked terrapins do not lose their mark owee t

6. That all marks are recognized and reported upoovesg.

Violating any of these assumptions can bias eséism&d varying degrees
(see Pollock et al., 1990).
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Trapping

Between the months of June and September in eastoy2008, 2009, and
2010, mark-recapture trapping surveys were undentak Mangrove Lake,
South Pond, North Pond, and Trott’s Pond. This thasonly instance in
which Trott's Pond was used in the research. THerdnces in the physical
characteristics between these ponds (Trott’'s PondMangrove Lake are
both deeper and more tidal than South Pond anchNRwhd) necessitated
the use of two different traps which had been medifo capture terrapins
safely.

The first type of trap was constructed of standaeb trap wire (16
gauge, 3.75 cm mesh), had four funnels (20 cm idthyiat the base to
allow terrapins points of entry, and had dimensioh§0 cm in length, 60
cm in width, and 200 cm in height (Fig. A3.2 in Agmglix 3) (see
Roosenburg et al., 1997). The height ensured tieatrap’s top remained
above the surface of the water at all times, tilosvang captured terrapins a
breathing space; buoys were attached to opposimgeat the top of each
trap to prevent them from falling over. Three trapshis type were built for
use in the current investigation, but were onlyduge Trott's Pond and
Mangrove Lake.

The second type of trap was a simple modificatiba collapsible
fish trap (Memphis Net and Twine Co., Inc, U.S.Ahis funnel-style trap
was made from 1.3 cm vinyl mesh, measured 80 cherigth, 60 cm in
width, 28 cm in height, and had a 55 cm wide furo@ning at each end
through which terrapins could enter (Fig. A3.3 ipp&ndix 3). Six traps of
this type were used and were fitted internally wihort segments of
cylindrical Styrofoarrheld in place with locking nylon ties. The Styrafoa
prevented the traps from sinking and also providelreathing space for
terrapins. These traps were used in all four ponds.

All traps were baited with frozen herrin@l(pea harengus) which
was secured within perforated bait-boxes to previegestion by the
terrapins (Fig. A3.4 in Appendix 3). Since Woo@®9ZY) found that floating
traps were ineffective in catching terrapins, allps used in the present
study were deployed in areas where the bottometrdp was either upon

the pond bottom or floating approximately 2.5 cnoabit so that terrapins
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foraging upon the bottom could gain easy accesscélenodified fish traps

set in Mangrove Lake and Trott’'s Pond were alwdgsqd in shallow water
(15-30 cm deep), typically between the mangrovep pomts under the tree
canopy (Fig. A3.5 in Appendix 3), whereas the miedifcrab traps were set
in the open water immediately seaward of the fnggmangrove trees in
depths 1-2 m (Fig. A3.6 in Appendix 3). The modifiish traps set in

South Pond and North Pond were also placed inashallater (15-30 cm

deep) in haphazard locations to maximise trappffeceveness (Fig. A3.7

in Appendix 3).

Each trapping period consisted of daily trapping ¥é consecutive
days every month (June-September) between 2002@t@ during which
each trap was checked daily for the presence cdpgers and re-baited as
necessary. Traps were removed from the four poad$wio weeks at the
end of each trapping period, after which they wereleployed for another
14 day trapping period.

Catch per unit effort (CPUE) for each type of tvags calculated as
the daily number of terrapins captured (includiagaptures), divided by the
number of trap-days (total number of traps mukigliby number of days

deployed).

Measurements

All terrapins caught for the first time were chdeaized as female, male or
juvenile, digitally photographed, measured, weighadd examined for

general health and physical anomalies (e.g. missirextra scutes and shell
damage). The terrapins were then released atdhiginal capture locations.

Recaptured terrapins were simply re-weighed andeasured.

Sex was determined by examining tail thickness afl as the
position of the cloaca in relation to the margintioé supracaudal scutes;
males have longer thicker tails with cloacal opgsisituated posterior to
these scutes (Lovich and Gibbons, 1990). Maturiggus was determined
via plastron length following Lovich and Gibbons99D) whereby
individuals were classified as juvenile if straigilastron length measured
less than 91 mm, males were classified as sexumlyure if straight

plastron length measured 91-137 mm and females wkssified as
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sexually mature if straight plastron length wasatda or greater than 138
mm. Estimates of size at maturity for the clasatien of mature individuals
were based upon Lovich and Gibbons (1990) becaasmla’s population
of terrapins are apparently descendants of tesafiom the Carolinas
(Parham et al., 2008).

For each terrapin captured, four straight-line Ishe¢asurements
were taken using vernier calipers following Boltéh999); minimum
straight carapace length (SCL), straight carapam#hw(SCW), straight
plastron length (SPL), and shell height (SH) (FA8.8 in Appendix 3). All
measurements were recorded to the nearest 1.0 mmenminimum straight
carapace length was measured from the anterior @ddpe nuchal scute to
the posterior edge of the shell between the supdadacutes along the mid-
line. Straight carapace width was measured at fidest point across the
carapace. Plastron length was measured along tieenfrom the anterior
edge of the gular scutes to the posterior edgheofhal scutes. Shell height
was defined as the maximum distance between theskowoint of the
plastron and the highest point of the carapace.léAhiat the anatomical
locations on the shell where SCW and SH were medsfar each terrapin
varied between individuals, due to slight variatiom the shape of the
terrapin, those used to determine SCL and SPL wensistent between
individuals. All terrapins were measured by the same researcher.)(M.O
throughout.

Body mass (g) was recorded for every capture acdptare event
using three spring balances. Terrapins <100 g weyrasured to the nearest
1 g, terrapins 500<100 g were measured to the sieéreg and larger
terrapins (>500 g) to the nearest 10 g. Each ternaps placed in a nylon
mesh bag to allow for accurate weighing. Total mass calculated by
subtracting the weight of the bag from the totalight of the bag and

terrapin.

Marking
Each terrapin caught for the first time was givenraque mark using a
marginal scute notching technique adapted from €&39). A triangular

file was used to incise a V-shaped notch into eithe left or right marginal
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scutes, or a combination of both. Smaller individu@e. sub-adults and
mature males) were notched using an#n file, larger individuals (i.e.
mature females) with a 10 miile. Notch locations were treated with
antiseptic (betadine) immediately following the gedure. The twelve
marginal scutes on the right side of the carapase wassigned single digit
values (i.e. 1-9), the twelve marginal scutes anldit side given ten digit
values (i.e. 10, 20, 30 — 90), and notches werantatthe centre of each
corresponding scute. Hundred digit values (i.e., ZI®, 300 — 900), were
assigned to the sutures between the left margmdés, and thousand digit
values (i.e. 1000, 2000, 3000 — 9000) to the saturetween the right
marginal scutes (Figs. A3.9 and A3.10 in Appendjx Marginal scutes
lying immediately over the bridge (i.e. the fifixth, and seventh) on both
sides of the carapace were not notched. Extra margcutes do not affect
this numbering system and, when found on an indadidwere not incised

with a V-shaped notch.

Somatic growth

Somatic growth was examined by studying (1) thenghan SCL over time,
and (2) the allometric growth relationships (th&atige change in shape)
between four linear dimensions (SCL, SPL, SCW, 8k mass. Annual
growth rates were calculated for recaptured indiald by subtracting SCL
at the time of original capture from the SCL measunt at final recapture
for terrapins recaptured at time intervals of agprately 365 days (+/- 30
days), and multiples thereof. Intervals of appradefy one year were
chosen to minimise the possible distortion of gtowdata by seasonal
effects. Recapture intervals that yielded no medsargrowth were retained
within the dataset. The relative change in shape evaluated by analysing
the relationships between SCL and SCW, SCL and SEIL, and SH, SCL
and masses of all captured female and male temapgilometric and
isometric growth calculations were performed usindpe free
palaeontological software program PAST. Datasete wermalised using
log-transformations before performing linear regmess with 95%
confidence intervals, and strength of regressiah statistical significance

were recorded as coefficients of determinatiof) éRd P-values.
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Results

Capture summaries and trapping effort

Nine traps (six modified fish traps and three miedifcrab traps) were used
for a total of 140 trap days (51 in 2008, 45 in 208nd 44 in 2010) between
2008 and 2010. Tables 3.1 and 3.2 summarise thebewwf terrapins

captured (by observation and location respectivdlying the three year
period. A total of 317 terrapins were captured l(iding recaptures), which
includes 171 captured in 2008 (80 first captured @h recaptures), 120
captured in 2009 (14 first captures and 106 recapjuand 26 captured in
2010 (five first captures and 21 recaptures). Thveeee no incidences of
terrapin mortality associated with either trap tygering the three year

survey period.

Table 3.1. Summary of diamondback terrapin captures by olasemw
(2008-2010).

Year First captures Recapturegotal captures

2008 80 91 171
2009 14 106 120
2010 5 21 26
Total 99 218 317

Thirty-nine marked terrapins (39.4% of the totaBres only captured once;
however individual terrapins were often recapturadltiple times. The
overall recapture rate was 60.6% over the three gaavey period, and
ranged from once only (15 individuals) to 21 timg@me individual).
Movement between the various brackish water poraisdetected using the
traps throughout the three year study period. Tdmapture histories of
twelve marked terrapins showed that movement oedubretween South
Pond and Mangrove Lake (n=11) and between Mangtake and North
Pond (n=1) (Table A3.1 in Appendix 3). Additionallgliamondback
terrapins were frequently observed travelling caedl from one pond to
another throughout the study period. Consequerttig, terrapins are

considered here to be one rather than four dispagtalations.
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Of the 317 terrapins captured, 302 (95.3%) werggltusing the
modified fish traps and 15 (4.7%) were caught udimg modified crab
traps. 269 terrapins (84.9% of all captures) camoenfSouth Pond, 47
terrapins (14.8% of all captures) came from Mangrdwake, and one

terrapin (0.3% of all captures) came from Trotts8.

Table 3.2. Summary of diamondback terrapin captures by looa(?008-
2010).

Year South Pond  Mangrove Lake  Trott's Pond  Totatwees

2008 142 28 1 171
2009 108 12 0 120
2010 19 7 0 26
Total 269 47 1 317

Catch per unit effort (CPUE) for the modified figlaps was 0.36 terrapins
trap-day', the CPUE for the modified crab traps was far loW@.04
terrapins trap-day. Overall CPUE for the combined fish and crab traps
0.25 terrapins trap-ddy

Population estimate

Table A3.2 in Appendix 3 summarises the Schnablelutations for each
sampling session between 2008 and 2010. The estinpaipulation was 94
individuals £81mm SCL, the minimum size captured in either tyge) at
the end of the sampling session in 2008. This edérhad increased to 98.1
individuals by the end of the 2009 sampling sess&m by 2010 it was
100.3 individuals. The 95% confidence intervals tbe overall (2010)

estimate were 97.8 and 102.8.

Population structure and sex ratio

Ninety-nine individual terrapins were marked ovke tthree year period
using the marginal scute notching technique; 64atem22 male and 13
juveniles (Fig. 3.3). Mature adults comprised altmioglf (48.5%) of the
terrapins in the sampled population. Most maleaggns (72.7%) were

considered to be sexually mature following theecidt established for the
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Carolina diamondback terrapin by Lovich and Gibb@®90) (i.e. SP>91
mm), whereas 50% of the females were consideredrmdite. SPL>138
mm). The remaining male and female terrapins wkassified as immature.
Juvenile terrapins only comprised 13.1% of the dathpopulation.

The sex ratio of adult females to adult males ie Bermuda
population was 2.9(F):1.0(M); however, the funcéibeex ratio (defined as
the relative proportion of sexually mature fematesexually mature males)
was 2.2(F):1.0(M). Pearson’s chi-square test (udates’ correction for
continuity) on the dataset gave a P-value <0.Qtdicating that there was a
highly significant difference in the observed serqgiency from a 1:1
expected Fisherian frequency; female diamondbackagms were

significantly more numerous than males in the Betanpopulation.

13%

22%

65%

Figure 3.3. Demographic composition (2008-2010) of the sampled

population of Bermuda'’s diamondback terrapins.

Terrapin biometrics

Table 3.3 and Fig. 3.4 summarise the biometric @@atall female (n=64),
male (n=22), and juvenile (n=13) diamondback temsyat the time of first
capture between 2008 and 2010. Full biometric etdafor female, male
and juvenile terrapins are given in Tables A3.33:5Ain Appendix 3. All
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data were tested for normality. All data for fensaleere non-normal
(Anderson-Darling tests; SCL p= 0.016, SCW p=0.08RL p=0.003, SH
p=0.034, Mass p=0.007), some male data were namalo(Anderson-
Darling tests; SCL p= 0.030, SPL p=0.019), otheeseanormal (Anderson-
Darling tests; SCW p=0.400, SH p=0.118, Mass p=0).22ll data for
juveniles were normally-distributed (Anderson-Daglitests; SCL p=0.188,
SCW p=0.837, SPL p=0.193, SH p=0.502, Mass p=0.1B8ause some
datasets were non-normal, non-parametric statisests were required in
comparisons. A Mood’s Median test of SCL showed thadians of all
three categories differed significantly (p<0.05)vgnile median SCL 101
mm, male median SCL 126 mm, female median SCL 160.mM similar
test of body mass also showed significant diffeesn@<0.05) (juvenile
median mass 185 g, male median mass 295 g, fenedeammass 710 Q).
Hence median female body mass was 2.4 x male badg.m

Table 3.3. Biometric data summary for all female, male angeile
terrapins encountered at first capture during tBe82 2009 and 2010
population surveys (SCL=straight carapace leng@\VSstraight carapace
width; SPL=straight plastron length; SH=shell h&igh

SCL (mm) SCW (mm) SPL(mm) SH(mm) Mass (g)

Females(n=64)

Median 160.0 125.0 138.0 66.0 710.0
Q1 137.5 107.0 120.0 56.2 466.0
Q3 179.8 137.0 154.8 69.0 992.0
Range: 116-196 94-150 99-196 48-80 270-1340
Males (n=22)
Median 126.0 94.0 101.0 45.5 295.0
Q1 114.0 87.8 114.0 43.8 233.7
Q3 128.5 97.2 128.5 47.0 320.0
Range: 109-134 85-102 87-111 40-48 200-350
Juveniles(n=13)
Mean: 98 78 81.8 41.8 168.1
SD: 9.5 7.7 9.0 4.0 42.6
Range: 81-108 65-89 67-92 34-47 95-215
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Digital photographs of the carapace and plastroraath terrapin
were obtained from all but two individuals. Thedeotgraphs (see Figs.
A3.11 — A3.20 in Appendix 3) show that Bermuda’'srdpins exhibit
variation in both carapace colour (which usuallyged from light olive and
brown to dark brown and black) as well as plastcotour (which was
typically shades of orange, sometimes flecked wddrk blotches or
smudges). In a few instances the plastral scutgslgark base colour with
bright orange highlights. Individuals found withrklig coloured plastrons
also had a carapace colouration that was neargkbikin colour showed
much less variation, always being shades of gregnuphich many dark
spots or flecks were visible. Dark lines or bargeveever observed in the
Bermuda population.

Thirty four out of 99 individuals (34.3%) in therspled population
showed carapace scute anomalies. The most comnoomasias observed in
the Bermuda population were extra vertebral sc(i&s2% frequency of
occurrence), extra costal scutes (15.2% frequehogaurrence), and extra
marginal scutes (18.2% frequency of occurrence¥sMg vertebral, costal
and marginal scutes were found less frequently%7& the sampled
population). Two individuals had the correct numbgcarapace scutes, but
these scutes varied in size which had the effectmaking the shells
asymmetrical in shape. Only two individuals in gugveyed population had
plastral scute anomalies; a large female that gessea double set of
abdominal, femoral and anal scutes, and a juveéhdée possessed an extra
right pectoral scute. Interestingly, neither ofstendividuals had abnormal
carapace scute patterns.

No epibionts (e.g. barnacles) or major injurieg.(enissing limbs or
catastrophic shell damage) were observed in artheokampled terrapins;
however, minor damage to the carapace was occélgimizserved. Nine
terrapins were observed throughout the three yagping period to have
abrasions and scarring upon the carapace scutisgiimg two terrapins that
had scarring upon the third and fourth vertebrates (one appeared to be
an old, healed injury; the other appeared to begemecent injury that was

in the process of healing).
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Population density

Population density (number of terrapins*havas calculated using the
Schnabel population estimate and therefore repi®sanconservative

estimate rather than an absolute estimate. Thé aoéa of open water

inhabited by Bermuda’s diamondback terrapins ig X& (Mangrove Lake

is 9.9 ha, Trott's Pond is 2.9 ha, North Pond 4lta, and South Pond is 0.2
ha). Furthermore, the total area of wetlands aatettiwith these ponds is
3.4 ha (2.3 ha and 0.8 ha of mangrove swamp sutiogrMangrove Lake

and Trott's Pond respectively (Thomas, 1993), arfl lta of saw-grass
marsh at South Pond (M. Outerbridge, unpublished)fiaAssuming the

diamondback terrapins in Bermuda are consideredbeaoone discrete

population (given that movement between the poras ebserved), density
estimates were calculated to range from 6.0 tetsapé’ (open water and

adjacent wetlands) to 7.5 terrapins'fapen water only).

Growth rates

Elapsed time between first capture and last recaptanged from 1-824
days (mean 368 days). Forty one individual diamawc#herrapins from the
study population in Bermuda were recaptured afpemding at least 365
days ¢ 30 days) at liberty, of which 16 terrapins wereaggured at the one
year interval and six terrapins were recapturethattwo year interval. No
terrapins were recaptured at the three year intgsee Table A3.6 in
Appendix 3). Annual changes in SCL growth were cei@ in all but two of
the diamondback terrapins recaptured at the one aed two year time
intervals (n=3 juveniles; n=6 males; n=13 femalas)J no negative growth
increments were recorded. Tables A3.7 — A3.9 inefglix 3 summarise
the annual growth rates measured in juvenile (ne@le (n=6) and female
(n=13) diamondback terrapins from the Bermuda patr. Growth rate
varied by sex/stage; the mean annual growth forsihieset of juvenile
terrapins that displayed a change in SCL was 22mym™ (range 17-30.9
mm yr % SD 7.5 mm yr'). Mean annual growth for the subset of male

terrapins that displayed a change in SCL was 0.8ymM(range 0-2.1 mm
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yr 1 SD 0.8 mm yrY); for the subset of female terrapins it was 7.9 ymi
(range 1-20.7 mm yt; SD 6.6 mm yr?).

Some further statistical analyses were perforndedpite the small
sample size (though juveniles (n=3) had to be abard). A general additive
model (GAM) was conducted upon the data for matesfamales, though
interaction was not modelled because of low matepda size. Two factors
had statistically significant influence upon growtate, initial SCL
(p=0.000321) and sex (0.0364). Additionally, theres a weak (R=0.32)
but highly significant (p<0.0005) negative linearmelation between initial
SCL and growth rate in adult female diamondbackgl@), indicating that
growth slows with increasing size (and presumalge)aFig. 3.5). The
dataset contained several examples of zero graaethiyrther investigation
of correlation (e.g. by logging data) or curveirfigt was not feasible. Data
for males (n=9) showed no significant correlati®A £0.00, p= 0.831); data
for juveniles (n=4) also showed no significant etation (R =0.00, p=
0.879).

35

30_ [

Growth rate (mm yr~™')

_5 I I I | I I I I I I 1

90 100 110 120 130 140 150 160 170 180 190 200

Initial SCL (mm)
Figure 3.5. Relationship between initial SCL and growth rafeadult

female diamondback terrapins. Solid circles repredata (n=46), solid line
indicates linear regression of data. Growth raten(yr') = 40.2-0.215
initial SCL (mm) ( R =0.32, p<0.0005).
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Morphometrics

Female diamondback terrapins in Bermuda (n=64) skovstrong
correlations in the relationships between the fimgar shell dimensions
and mass. Table 3.4 summarises the various logftaned allometric
relationships between straight carapace length Y&@d straight carapace
width (SCW), straight plastron length (SPL), shdight (SH) and mass. A
significant negative allometric relationship exdteetween SCL and SCW.
Carapace width increased proportionately less thampace length (i.e. they
got narrower as they grew longer). However, thati@hship of SCL to SPL
was not significantly different from the isometgondition. A significant
negative allometric relationship existed betweer. 88d SH. Shell height
increased proportionately less than carapace leffiggh they became
relatively flatter as they grew longer). Finallyetrelationship of SCL to
mass was not significantly different from the isante condition. Mass
increased with the cube of carapace length. Gr@pbs Table A3.10 in
Appendix 3 show the log-transformed regressionsvéen SCL and the
other three linear shell dimensions and mass.

Partially similar growth relationships were foundr f22 male
diamondback terrapins in Bermuda (see Table 3.58igAificant negative
allometric relationship existed between SCL and S®W the relationship
between SCL and SPL was isometric. Unlike in fesathe relationship
between SCL and SH was isometric, so male sheillsndt get flatter as
they became larger. Finally, the relationship olLS€ mass had a slightly
negative allometric relationship with SCL, thusnitreased proportionately
less than with the cube of carapace length in ral@pins. Graphs A-D,
Table A3.11 in Appendix 3 show the log-transforntedressions between

SCL and the other three linear shell dimensions piass.
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Table 3.4. Log-transformed allometric relationships betweetnaight
carapace length (SCL) and straight carapace wiith\(), straight plastron
length (SPL), shell height (SH) and mass for 64 demdiamondback
terrapins in Bermuda.

R’value p-value Growth

log SCW =0.9187 + 0.0707 log SCL 0.965 <0.0001 atigg allometric
log SPL =0.9991 — 0.0629 log SCL 0.967 <0.0001 mistic
log SH = 0.8927 - 0.1598 log SCL 0.874 <0.0001 tegallometric
log mass = 2.952 — 3.659 log SCL 0.942 <0.0001 &dm

Table 3.5. Log-transformed allometric relationships betwesnaight
carapace length (SCL) and straight carapace wiith/\(), straight plastron
length (SPL), shell height (SH) and mass for 22emtiéhmondback terrapins
in Bermuda.

R°value p-value Growth

log SCW =0.8260 + 0.2454 log SCL 0.876 <0.0001 atigg allometric
log SPL =1.0702 — 0.2383 log SCL 0.899 <0.0001 mistvic
log SH =0.7112 - 0.1679 log SCL 0.214 <0.0291 istin
log mass = 2.5607 — 2.9031 log SCL 0.788 <0.0001gatinee allometric

Discussion

Traps and trapping effort

The results of the current study suggest that tbdifed fish traps were ten
fold more effective in catching diamondback temapivithin Bermuda’s

pond environment than the modified crab traps. Wulified fish traps

were collapsible and readily stacked making themyda transport and
handle under field conditions. Modifications madehe buoyancy of these

traps were inexpensive and quickly accomplishedilewthe trap size

128



allowed easy deployment in the shallow and stratffucomplex mangrove
swamp environment. Similar traps have previousirbesed to capture the
painted turtle Chrysemys picta) in shallow water (<15 cm) (Zweifel, 1989)
and traps modified to float have been used forasertrapping of red-eared
sliders {Trachemys scripta elegans) in water >30 cm (Outerbridge, 2008;
Ng, 2009).

The modified crab traps were more difficult tonsport and handle
under field conditions; they could only be deployedreas of open water.
Modified and un-modified crab traps have been usethpture terrapins in
different regions throughout the North American gan(Bishop, 1983;
Mann, 1995; Roosenburg et al., 1997; Wood, 199#jeBu2000, 2002;
Avissar, 2006; Hart and Mclvor, 2008), but highré@in mortality (8% to
28%) has been reported in some cases (Mann, 1866¢d, 1997; Butler,
2000). Overall it appears that the modified fiskps are more effective and
safer to use.

The marked drop in captures over the 2010 trappasgion may be
the result of a summer drought which lasted fromilAsugust (see Figs 2.9
and 2.16 in Chapter 2) that led to significant éss®f water (through
evaporation) in South Pond and thus precluded tfeeteve use of traps.
The drop in capture rate over the same period atgiteve Lake may also
be explained by conditions brought on by the drougkperimental studies
have shown that diamondback terrapins are capdderking from a thin
layer of fresh water lying on top of a saline watelumn (Davenport and
Macedo, 1990) but they reduce food consumption wégmosed to full
seawater (34 psu) with no access to freshwaterdiaut and Ward, 1993).
It is therefore likely that the prolonged lack afnfall and a near-absence of
potable water in South Pond may have suppressestigpim an extent that
many terrapins in the population were no longereated to the baited traps

in Mangrove Lake.

Population estimate
Based upon the mark—recapture data, the entirelgitigru calculated using
the Schnabel method was about 100 adults and l|prgeniles. This

estimate is conservative as it does not includesmhallest size classes of the
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population (i.e. neonate and young juveniles), esitttey do not occur in
open water pond environments (Lovich et al., 199ud et al., 2004). A
total of 99 individual terrapins had been uniqualgrked at the conclusion
of the three year trapping period (2008-2010). @tanfce in this Schnabel
estimate was maintained because: (1) The initimipéa taken during the
first trapping period (June 2008) was represerdgativthe entire population;
(2) No recaptured terrapin ever showed signs ofl sleerosis or disability

as a result of having been notched, so the notcteabnique did not
compromise the survival and overall health of therkad individuals; (3)

The relatively high recapture rate (61%) suggesteat the trapping

technique did not bias against marked terraping tla@ relatively low mean
number of times an individual terrapin was recagdu(n=3.4) suggested
that the trapping technique did not bias in favolithe marked terrapins
either; (4) The prolonged time frame of the tragpimvestigation, combined
with the fact that terrapins were recaptured irffedént ponds from their
original capture, ensured that marked terrapinsewandomly mixed with

unmarked terrapins in the population; (5) The nesclrom terrapins
originally marked in 2008 and subsequently recagatun 2009 and 2010
were easily recognisable, indicating that the nedcterrapins did not lose
their marks over the trapping period.

Diamondback terrapins occupy a large coastal ramghe U.S.A.
and van Dijk (2011) estimated that the total pofwoiaof diamondback
terrapins in North America exceeds 100,000. Howetlee status of the
species differs in various regions throughoutatsge, and local population
estimates vary greatly. While Roosenburg et al.97)9reported an
estimated 2778-3730 individuals in the Patuxent eRi\Estuary of
Chesapeake Bay and Forstner et al. (2000) estintatd1300 terrapins
resided in the Everglades National Park. The latso estimated that only
200 terrapins inhabited the Lower Florida Keys, levhEeigel (1984)
estimated a combined population of approximatel§ €drrapins at two
study sites within the Merritt Island National Wifd Refuge in east central
Florida.

Past Bermudian terrapin population sizes and tremdsunknown.

Diamondback terrapins were not recorded or" Znhd 28 century
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herpetological fauna lists (Jones, 1859; Garmar8418eilprin, 1889;

Hurdis, 1897; Verrill et al., 1903), despite beipgesent for at least 400
years (Parham et al.,, 2008). Perhaps terrapins bavays had a small
population size and a limited distribution acroserBuda. Long-term
monitoring is strongly recommended for the Bermpdaulation given its

small size and limited distribution, which makesviilnerable to local

extirpation.

Population size is a major factor in the survivalextinction of
populations: larger sizes provide insurance againstpredictable
environmental events as well as stochastic chaimgage structure, genetic
drift and inbreeding depression (Thompson, 1991edRet al., 2003 for
discussion). The concept of a minimum viable popoma (MVP) was
introduced by Shaffer (1981) in an effort to pravidriteria for the
successful preservation of a species at the populkgvel. He proposed that
the MVP for any given species in any given habitats ‘the smallest
isolated population having a 99% chance of remgieixtant for 1000 years
despite the foreseeable effects of demographidramaental, and genetic
stochasticity, and natural catastrophes.’” Otherge Haased the minimum
population concept on genetic considerations. Whensidering the
viability of vertebrate populations, there is a ggatly accepted 50/500 ‘rule
of thumb’ that a minimum effective population of &@ults is required to
prevent the deleterious effects of inbreeding, amdpulation of 500 adults
is required to maintain genetic variability in order a population to be able
to adapt to environmental stochasticity (Franklif80; Soule, 1980). This
suggests that the Bermudian diamondback terrappulpton is at best
close to the MVP level and may be below it. Morepvecent modelling
exercises have taken stochastic events of demogepmhenvironment into
consideration and suggest that long-term surviv&0 (generations) requires
minimum population sizes of the order of 5000 (Rexdal., 2003); if
applied to diamondback terrapins this would sugghst most local
populations in the U.S.A. (as well as Bermuda) \ddog doomed without
human intervention. However, some studies inditaa long-lived species
such as turtles may represent an exception to gemdyP guidelines.

Demographic modelling for a small and fragmentepypation of bog turtle
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(Glyptemys muhlenbergii) in the U.S.A. suggests that colonies with as few
as 10-15 breeding females have >90% probabilitpesisting for >100
years (Shoemaker et al., 2013). Those authors salggested that some
populations of long-lived species with <50 indivadsl may be able to
persist provided vital rates and environmentalarazé remain favourable.
Furthermore, they hypothesized that bog turtles sindlar wetland turtles
may be naturally adapted for persistence in smalpufation units
(Shoemaker et al., 2013). Such may have been #mago for Bermuda’s
founding population of diamondback terrapins. loriéical review of MVP
usefulness, Flather et al. (2011) argued that tiseme particular population
size that is likely to protect a species againgtnetion if conservation
efforts fail to diagnose and treat the mechanismsponsible for a
population decline. However, they suggested thatPsI\¢an serve as a
useful tool to persuade policy-makers that extorcfior a particular species
is a possibility.

High adult survivorship, delayed sexual maturitgndevity, and
repeated reproductive cycles (iteroparity) oncelthdad has been reached
are key characteristics of the population biolodyturtles (Gibbs and
Amato, 2000); however, these demographic traitssitam a turtle
population’s capacity to absorb increases in mitytalates caused by
anthropogenic factors. Furthermore, high post-hagctsurvival rates are
necessary to ensure that enough individuals surtiveeproduce and
maintain populations, while small increases in iadst rates of adults can
lead to declines in populations (Congdon et al9319994).

Bermudian diamondback terrapins are not affectedtdogeted
fishing or by-catch mortality. However, the popudatis threatened by low
reproductive success (see Chapter 5), habitat #atation and avian
predation (see Chapter 6), pollution (see Chapteand to a limited extent
by hatchlings killed by motorized golf course vébg and historic golf
course maintenance practices. This contrasts widhithNAmerica, where
terrapins are exploited or die as a result of adton with fishing gear, and
road mortality can be great; during a seven yedaoggeover 4000 road Kkill
terrapins were discovered at one study site (Waudl lderlands, 1997).

Anecdotal evidence suggests that some terrapins hagn removed from
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Bermudian ponds as pets. This activity is of conees it removes valuable

individuals from the breeding population.

Population structure and sex ratio

Mature adults comprised almost half (48.5%) oftdreapins in the sampled
population; juvenile terrapins only comprised 13.186 the sampled
population. Small juveniles and hatchlings wereaagitured. Hatchling and
young juvenile diamondback terrapins are knowntilize different habitats
from larger juvenile and adults in the U.S.A. (Laviet al., 1991; Draud et
al., 2004); this also appears to be true for Bewmrsiterrapins (see Chapter
6). The low incidence of larger juveniles indicaliesited recruitment. Poor
recruitment may be caused by reproductive failuee low hatching success
and/or infertility) or high levels of predation #te neonate and young
juvenile life history stage. Investigations of thesting ecology of terrapins
in Bermuda (see Chapter 5) showed that hatchingesscwas low (17.6-
21%). Hatchlings are also vulnerable to avian predgsee Chapter 6), so
both of these factors likely contribute to the alied recruitment of only
two juveniles per annum. Continued trapping wit8outh Pond, Mangrove
Lake, and Trott's Pond is recommended in order émitor future rates of
recruitment to determine whether the low levelseobsd between 2008 and
2010 are typical for this population.

The female to male sex ratio in the Bermuda popatvas
estimated to be 2.9(F):1(M) at the conclusion ef 2010 survey; however
the functional (sometimes also known as operatjosek ratio was 2.2
sexually mature females to every sexually maturde mBxamining the
actual sex ratio in a population can help deternfiators contributing to
the differences observed, whereas determininguhetibnal sex ratio gives
more precision to demographic studies with regaadgotential genetic
exchange. Some authors have stated that only $gxoaiure individuals in
a population should be included in the calculatbex ratios, and that the
functional sex ratio is important from a demograpbérspective because of
the potential influence that the relative proportaf the sexes can have on
time spent searching for mates, intra-sexual coitigret and annual

propagule production (Lovich and Gibbons, 1990).
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Sex ratios in diamondbacks in the North Americangea show
marked variation. These can be strongly femalegdia@s in Bermuda),
male-biased or equal (Seigel, 1984; Lovich and Gilsh 1990; Roosenburg
et al., 1997; Butler, 2000; Baldwin et al., 2005arHand Mclvor, 2008).
Variation has been variously attributed to biasagsed by size-selective
capture methods, the influence of temperature-digr@nsex determination
(TSD), differential migration rates, differentiabtes of maturity, and
differential rates of mortality from predation arahthropogenic causes
(Gibbons, 1990; Lovich and Gibbons, 1990; Roosembetr al., 1997;
Baldwin et al., 2005).

The female biased sex ratio in the Bermuda pomrats not
believed to be caused by biased sampling technigaesause both of the
trap designs used in the current investigation @atlances of sufficient
width to allow entry of the largest females in fi@pulation. Neither is the
skewed sex ratio believed to be caused by diffeakenates of mortality
from predation or anthropogenic causes becausee thez no known
predators of adult terrapins present on Bermudatlaere are no direct sex-
specific anthropogenic activities affecting adulortality. It is, however,
possible that the sex ratio reflects TSD. Diamor#hlarrapin eggs that are
subjected to cooler temperatures within the toéetdhermal range for this
species produce male hatchlings whereas warmer etatupes produce
females (see Jeyasuria et al., 1994; Roosenburg Rlade, 1994;
Roosenburg and Kelley, 1996). Terrapin nests imeia are subjected to
relatively high temperatures as they are laid irshaded sand bunkers on
the Mid Ocean golf course (Davenport et al., 2004 is likely to favour

female hatchlings.

Terrapin biometrics

Diamondback terrapins in North America exhibit saxdimorphism, with
mature females being considerably larger than reanales. The data from
the present investigation show that terrapins imnBela have the same
characteristics; females had greater mean stréightearapace lengths,
straight-line plastron lengths, straight-line ca@g@widths, and shell heights
than male terrapins. Furthermore, the mean maderméle terrapins in
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Bermuda was significantly greater than the mearsrfasmales. Maximum
sizes for both sexes (female SCL 196 mm, male S84 rhim SCL) were
rather lower than those reported for U.S.A. temag238 mm and 140 mm
respectively) by Ernst et al. (1994).

Scute anomalies were observed in 34.3% of theptiesain the
Bermudian population. Variations in the number efrtgbral, costal or
marginal scutes have been reported from the U.8od and Herlands,
1997; Herlands et al., 2004). These typically ineakxtra, split, or distorted
scutes, caused by high (30-32°C) incubation tentpess (i.e. thermal
shock) (Wood and Herlands, 1997; Herlands et &Q42 or possibly
changes in available oxygen supply during inculmafidildebrand, 1932) or
embryological exposure to polycyclic aromatic hysndons (Van Meter et
al., 2006). The most common anomalies observed hm Bermuda
population were extra vertebral, costal, and mailgatutes. It is possible
that high incubation temperatures may be partlypaasible for the
moderately high number of individuals observedduehscute irregularities;
however the degree to which this small and isolategulation is affected
by inbreeding is currently poorly understood.

No epibionts or major injuries were observed ig ahthe sampled
terrapins in Bermuda; however, minor damage to tlaapace was
occasionally observed. Abrasions were superficral appeared to have
been caused by repeated rubbing against limestake during periods of
brumation. Terrapins on both the Gulf and Atlart@asts of Florida are
known to host barnacles (Ross and Jackson, 197@elS&983). Various
physical injuries related to boat strikes (Rooseghd991; Cecala et al.,
2008) or encounters with terrestrial and aquatiedators (Lovich and
Gibbons, 1990; Hart and Mclvor, 2008) have beerudwmnted in terrapin
populations throughout the U.S.A. Barnacles andonmsd watercraft are
absent from all ponds inhabited by terrapins innBeta, and the majority of
terrestrial and aquatic terrapin predators in Nd&ktherica (e.g. raccoons
(Procyon lotor) and alligatorsAlligator mississippiensis)) are not elements
of Bermuda’s fauna.
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Population density

Bermuda’s diamondback terrapins have an estimatedlation density of
only 6.0 terrapins ha This estimate is based upon the total pond areaev
trapping occurred as well as the surrounding wedafi.e. the mangrove
swamp and saw-grass marsh environments), but i$ do¢ include the
peripheral activity range of the terrapins (i.e golf course fairways which
are used by the terrapins to move between pondshenshnd bunkers used
as nesting habitat).

Seigel (1984) estimated that 53-72 terrapind hehabited a salt
marsh in central Florida, and Avissar (2006) intkdathat 24-27 terrapins
ha' inhabited a single sub-tidal salt marsh creek inttsern New Jersey.
The average population densities of other similzedsemydid turtles have
been reported to be 40 turtles’H&ongdon et al., 1986), 137 turtles’ha
(Zweifel, 1989), and 576 turtles hgGibbons, 1968) foiC. picta from
various freshwater ponds and marshes in the U.8n&l 43-981 turtles Ha
for T. s. elegans in the freshwater pond environment in Bermuda
(Outerbridge, 2008). Clearly the Bermudian diamaukb population
density is extremely low.

The low density of 6.0 terrapins him Bermuda might suggest that
their brackish pond environment is a sub-optimabitaé However, food
appears plentiful and predators on adults and |prgeniles are absent, so
the low density could be the result of years oftaysc pressures and
stochastic events (natural catastrophes or stdcitasassociated with
demographics, environment, genetics) causing peoruitment and low

survivorship.

Growth rates

The limited dataset (22 individuals) indicated thetnual growth in

Bermuda’s diamondback terrapins was most rapidnidividuals classified

as juvenile, an observation consistent with ottedies. Chelonian somatic
growth rates are considered to be much more rapidglthe juvenile stage
of development than the adult stage, particuladsind) the first few years
after hatching (Wilbur, 1975; Dunham and Gibbor@9Q, Bjorndal et al.,

2000). Female terrapins in Bermuda displayed siamtly greater annual
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growth in SCL than did males, despite females bsiggificantly larger in

initial SCL. However, far more of the males weretuna than females.
Seigel (1984) found that the growth of male anddlentlorida east coast
diamondback terrapins was relatively constant dutire first two years of
life but then began to diverge at age three, atchwhioint growth rates
declined in males but female growth continued asteady rate. The

Bermudian data are consistent with this scenario.

Habitat Suitability
Of the four brackish water ponds currently inhabitey diamondback
terrapins, the trapping data suggests that Mangtake and South Pond
are most utilised of the ponds. Seasonal tempesappear to be relatively
consistent between Mangrove Lake, South Pond aod'S Pond; however
the surface salinities vary greatly (Thomas et 4B91; this study).
Diamondback terrapins are known to move betweeremwat different
salinities in order to feed, mate and brumate a$ ageto maintain proper
osmotic balance (Hart and Lee, 2006). Davenport Btatedo (1990)
showed that when salt-loaded, diamondback terragiogd drinking when
salinities range from 27-34 psu (the salinity ramfeMangrove Lake; see
Chapter 2) but drink large amounts when they rafngm 0-10 psu (the
typical salinity range of South Pond; see ChapjeAfter a drinking bout,
individuals often exhibit prominent edematous singh in the skin of the
pelvic and pectoral regions (Robinson and Duns®76)1 This has been
attributed to subcutaneous storage of freshwatechwis subsequently
utilized during periods of dehydration. The compiasdy higher capture
rate of terrains in South Pond versus Mangrove Laké Trott's Pond
throughout the 2008-2010 study period, and the tfzett many individuals
captured from South Pond had obvious edematous lisgsel (M.
Outerbridge, personal observation), suggests thathSPond may act as an
important hydrating area for terrapins in the Bedaoupopulation,
particularly during periods of reduced rainfall.

Analyses of terrapin faecal samples (see Chaptkavi¢ shown that
small aquatic gastropods are frequently consumetétogipins of all sizes.

Benthic biotic surveys (also see Chapter 4) shothatl small gastropods
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were more abundant and diverse within the mangswamp community
surrounding Mangrove Lake than in the grass-dorathaharsh at South
Pond. Additionally, the mangrove wetlands at Mangrhake and Trott's
Pond are approximately ten times greater in araa the grass-dominated
marshes at South Pond and North Pond. These cothbimdings suggest
that the mangrove wetlands have greater foragirngnpial for Bermuda’s
diamondback terrapins. Furthermore, these swamgsremshes also serve
as important developmental habitats for hatchlergapins (see Chapter 6).

Concluding comments

The current investigation has shown that Bermudasondback terrapins
have a small population, a very limited distribatiand low annual rates of
recruitment — factors which suggest that this papoih is at high risk of
local extirpation. It is presently not known hovalsie the population is as
there are no other population estimates with whiclsompare the current
results with. However, the data collected over ttivee year study period
(2008-2010) will serve as an effective base-line fidure investigations.
Long-term research and monitoring of this vulnezabbpulation is highly
recommended and the continued use of the modifsdtfaps is suggested
for future studies. As a direct result of this istigation, Bermuda’'s
diamondback terrapins were classified in 2012 lasel |l protected species
and declared to be ‘Vulnerable’ under the Bermudztdeted Species Act
(2003). It is considered an offense for an unauskdr person to be in
possession of, export, or otherwise harm diamordb@erapins and
offenders are liable, on summary of convictionattine of $15,000 or one
year of imprisonment (www.laws.bm; accessed Octol2812). A
management and recovery plan (see Appendix 8)libgtahe short-term
and long-term survival goals for this species hagnbdrafted and is
currently under review for implementation by therfBada Government’'s

Department of Conservation Services.
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Chapter 4: Feeding Ecology of Diamondback Terrapinsn Bermuda

Abstract

The foraging ecology of the diamondback terrapital@clemys terrapin)
was investigated in Bermuda using a combinatiordiodéct observation,
faecal analyses, and to a limited extent, necropsymuda’s diamondback
terrapins do not have as varied a diet as thatteghéor the species from its
North American range. The most frequently consumliethry items in the
Bermuda population constituted small gastropods i®@ shell height
(66.7% of the faecal samples analysed). Scavengdaind vertebrate
animal remains each occurred in 19% of the faeaaiptes, terrestrial
arthropods occurred in 14.3% of the samples whillyghaete worms and
bivalves each occurred in less than 3%. Sedimeain frthe pond
environment was found in 74% of the faecal samplessumably
incidentally ingested while foraging for the smaddenthic gastropods
inhabiting the gelatinous pond sediment. Terrapimere commonly
observed moving slowly along the bottom of the poaking successive
mouthfuls of sediment, often with the head compyetburied. This
behaviour is a novel observation for this spediesg,may be exposing the
terrapins to harmful contaminants present withins timedium. The
distribution and abundance of arthropods and modlussident within the
brackish water terrapin wetland environment wes assessed in three
different habitats; benthic pond, mangrove swamgd grass dominated
marsh. These surveys suggested that Bermuda'spitesralo not fully

exploit the food resources present within thoserenments.

Introduction

The diamondback terrapin is the only species ofieuhat has become
specialized to inhabit the tidal salt marsh andia®te environment, and
exhibits unique physiological and behavioural adapihs that enable them
to live within coastal salt marshes, mudflats, riestuaries, tidal creeks,
brackish lagoons, and mangrove habitats along tlent#ic and Gulf coasts
of North America (Cowan, 1971; Gilles-Baillien, 137Cowan, 1990;
Davenport and Macedo, 1990; Hart and Lee, 2006).
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Diamondback terrapins have been identified as ampoitant
component of the trophic dynamics of the salt masbsystem (Silliman
and Bertness, 2002; Davenport, 2011) and are caoug, feeding mostly
upon a variety of marine molluscs and crustaceaamé€ly periwinkles,
crabs, mussels and clams) throughout the North farerrange (see
reviews in Butler et al., 2006; Ernst and LovicB0Q). There is, however, a
growing body of evidence to support the hypoth#isid this terrapin may
be a dietary generalist that is opportunistic ;fdraging habits (Spivey,
1998; Petrochic, 2009; Butler et al., 2012; Eraznfi(x 2). Diamondback
terrapins show resource partitioning, whereby imlials with wider heads
(the largest females) consume larger snails andbscrhan terrapins
possessing smaller heads (Tucker et al., 1995)n@mabacks appear to be
predators that use visual cues while foraging, shgwelectivity in the prey
that they eat (Davenport et al., 1992; Tucker et E995; Tucker et al.,
1997; Butler et al., 2012), and their food consuaompis considered to be
ten times higher than that of other closely relagdatic emydid turtles of
the same size (Davenport and Ward, 1993).

The analysis of faecal material is a non-destrectind non-invasive
way of examining dietary preference and has presljolbbeen used on
several species of small turtles (Demuth and Buhimd997; Lima et al.,
1997), including diamondback terrapins (Tuckerlet1®95; Spivey, 1998;
Roosenburg et al., 1999; King, 2007; Petrochic,92@®utler et al., 2012;
Erazmus, 2012). This method of dietary determimatitso has the added
benefit of allowing multiple samples to be takeanfra single individual
over time; however, it is limited by the differeaitidigestibility of the
various hard and soft-bodied dietary componentshwim turn affects their
representation within the faeces. Gastric lavagetechnique that has been
employed to examine dietary preference in a wideetya of chelonians
(Legler, 1977; Parmenter and Avery, 1990; Fieldalgt2000; Seminoff et
al., 2002; Witherington, 2002; Caputo and Vogt, @0a8nd can provide a
more comprehensive picture of diet when used inbioation with faecal
analysis.

The diet of diamondback terrapins has been studiedarious

regions throughout their North American range; haevenothing is known
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about their diet on Bermuda. The primary objectioE the current
investigation was to examine the diet and foragioglogy of Bermuda’'s
terrapin population, with specific aims to (1) deisme particular food
preferences within the land-locked, brackish watard environment, (2) to
provide insight into any foraging behaviouealaptations that diamondback
terrapins might display within this environment,daf3) to assess the
abundance and distribution of gastropods within ploads and adjacent
wetland communities. Furthermore, it was envisagbadt detailed
knowledge of terrapin diet in Bermuda would allowppeopriate
conservation and management efforts to be direictedrds protecting the

areas in which they forage.

Methods

Study site

The entire known Bermuda population of diamondbterkapins is found
only in four brackish water ponds named Mangrovéel aSouth Pond,
North Pond, and Trott's Pond (Fig. 4.1). All aredted on a private golf
course and all are separated by, at most, 380 raraf (straight-line
distance between North Pond and Trott's Pond. RiefeChapter 2 for a

more complete description of the study site.
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© Bermuda Ministry of Environment, Planning andrastructure
Figure 4.1. Aerial photograph from 2003 showing the four diziioack
terrapin ponds situated on the Mid Ocean golf ms=Mangrove Lake,
B=Trott's Pond, C=South Pond, D=North Pond).

Direct observation

Opportunities to observe terrapin behaviour in goands were afforded
during periods of good water clarity. Of the foerraipin ponds, North Pond
and Trott's Pond typically had very poor water itar making direct
observation of the terrapins within them unfeasil@aly South Pond and
Mangrove Lake went through periods in which claityroved to an extent
that allowed the terrapins foraging along the butto be viewed; and of the
two, South Pond’s small size, shallow nature, saskef accessibility to all
parts of the pond made it the best pond to obsenaging behaviour. The
terrapins that reside in this pond have becometinatieid to the frequent
presence of people (golfers) and readily foragiénpresence of observers.
Many of the observations were opportunistic in ratand occurred when
the study site was visited while investigating otaspects of diamondback

terrapin ecology (e.g. to monitor nesting effotheck traps, or listen for
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radio-telemetry signals). As such, these periodsbskrvation were random
in timing and varied in duration. They occurredotighout the calendar
year, and took place during night and day. Noctursarveys were
accomplished with a low intensity LED flashlightathemitted a diffuse
white light to minimise disturbance. Only diurnalrdging episodes were
timed (using a digital stop-watch). In an effort describe aspects of
foraging behaviour for this species, the time thath individual terrapin
spent actively foraging upon the bottom of the pghdttom time) was
recorded, as was the period that each individuahtspt the surface of the

pond between successive feeding sessions (surfaeal).

Faecal analyses
Juvenile, immature and adult diamondback terrapiese opportunistically
captured using a long-handled dip net from Mangrbake, South Pond,
North Pond and Trott's Pond from March-SeptembetO2@nd January-
October 2011. Biometrics and sex/stage classifiodtr each terrapin were
recorded following the methods described in Chaptérach individual was
kept outside in the shade for 48 hrs in coveredstful storage bins that
measured 55 cm long, 45 cm wide and 30 cm deephWader was added
to a depth of 2.5 cm for ingestion to facilitate thassing of faeces. Any
faecal material obtained was strained through a sieve, oven dried at
80°C for 48 hours, and stored in a sealed glass feia subsequent
identification. Furthermore, faecal samples werdected from neonate
terrapins (i.e. individuals that were less than omar old) that were
followed as part of a radio-telemetry study (seajiér 6). At the end of the
tracking period, each individual was placed in & 5@l plastic bowl
containing enough freshwater to cover the carapadeheld in a room with
an ambient temperature of 30°C for 48 hours. Arecéh material obtained
was strained through Whatman Grade No.1 46 mnr fiéper, allowed to
air dry for 48 hours and stored in a sealed gléas All terrapins captured
during the faecal analysis investigation were mdeaat their original
capture location.

Each faecal sample was examined at magnificatiatee®en 10x

and 25x using a stereoscopic microscope with ataosgale. Food items
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were identified to the lowest possible taxonomiele and weighed to the
nearest 0.0001g. The shells of gastropods, wheauetered whole, were
counted and total height was measured to the nehf@snm. For samples
containing more than 200 shells, abundance wasndigted via estimation
through use of a 1 chrgrid pattern on a Petri dish. The sub-sample was
spread evenly over the grid and the number of shéthin one square was
counted. The final estimate was obtained by muyitng the number of
shells in the square by the total number of squasataining shells.
Quantification of dietary items was accomplisheddeyermining the

percentage dry mass of each item relative to tied try mass of each
sample. The relative frequency of occurrence ofhedietary item was
determined by calculating the percentage of tucttestaining a given food

type in relation to the total number of turtles mxaed.

Gastric lavage

Gastric lavage was trialled, following Fields et, a{2000), on eight

Bermuda red-eared slider$réchemys scripta elegans) hand netted from

the wild. Feral populations of this introduced spe@xist across Bermuda
(Outerbridge, 2008). Red-eared sliders are theestl)f an eradication
programme, and were chosen as a surrogate to qwathie flushing

technique upon because of availability and sintijam size. The gastric
lavage results were partially successful (see Agiped); however, the

decision was ultimately made not to use lavage iamdndback terrapins

due to its invasive nature.

Necropsies

Herons have been identified as predators of sragigpins (Burger, 1976;
Draud et al., 2004). The dissection of dead tensfe.g. those obtained
from herons prior to consumption and those fouedhty-dead in the wild)
provided an opportunity to study feeding ecologyrotiygh direct

examination of the entire digestive tract. This moet was highly

opportunistic and limited, but provided a compredies picture of dietary

items. Yellow-crowned night herondlyftanassa violacea) were observed

foraging in South Pond between mid-April and midyVe010. Three days
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were randomly chosen each week over a four weelogeturing which
three one hour surveys occurred at random timesud¢fmout each day
between 06:00 and 19:00 hours. When a heron wasnaak attempting to
ingest a small terrapin, hazing (the usage of loode) was used in an
effort to scare the heron away from its prey (gamgsillegal in Bermuda and
could not be used to shoot the herons). Structstetieys looking for
additional dead terrapins at the study site werteemaployed; instead the
discovery of freshly dead specimens occurred skiatadly while in the
field. Those that were encountered were weighe@sored and necropsied.
Necropsies involved the removal of the oesophagtmsnach and
intestines from the body cavity; their contentsaevecraped into a glass vial
containing 75% ethanol alcohol for subsequent ifleation. Following
identification, each sample was oven dried at 8@C8 hours, weighed to
the nearest 0.0001g, and then stored in a seassd gial. The shells of
gastropods, when encountered whole, were countet tatal height
(maximum measurement along the central axis) wassured to the nearest

1.0 mm.

Benthic biotic surveys within the terrapin wetlandenvironments
Assessments of mollusc and crustacean abundancdistnution within
the ponds and adjacent wetland environments wardumted to determine
prey availability for Bermuda’s diamondback terrepi These assessments
were accomplished by performing a series of berttiaicsects within three
different habitats utilized by all size and age ssks of Bermuda’s
diamondback terrapins; the sediment at the bottbiMangrove Lake and
South Pond, the red mangrove swamp community tirabends Mangrove
Lake, and the saw-grass marsh in the centre ohJoard.

Due to the different sizes of the water bodies, tvait transect
surveys of benthic biota were performed in Mangrbe&e and one belt
transect survey was performed in South Pond in 20ly1. The Mangrove
Lake transects were straight-line and followed aast-@vest direction
(Transect 1) and a south-north direction (Tran8g¢Fig. 4.3), whereas the
survey in South Pond was circular (Transect 3).(Big). Ten locations
were haphazardly sampled along the path of eaafsdch The GPS
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coordinates were recorded at each location alotiy avbrief description of

the benthic characteristics. Gastropod collectmmsisted of sweeping a dip
net with 1 mm mesh and a square opening of 25 @5 am for a distance

of 1 m and a depth of approximately 2.5 cm at tndase of the sediment
(thereby sampling a linear area of 0.Z5a each location). The collected
sediment was passed through a 1 mm mesh sieve atitface of the pond
and the material that remained was transferredanboe litre container. In

addition to the belt transects, four replicate 85> 25 cm quadrat surveys
were performed at random in sand, rock, and granegls of Mangrove Lake
(blue-coloured locations A, B, C, D in Fig 4.3.)elarea defined by each
guadrat was dredged to a depth of 2.5 cm and theets transferred into a
bucket and sorted by hand.

Sixteen replicate quadrat surveys were performethinvithe
mangrove swamp that borders Mangrove Lake (Q1-@Q16g. 4.3). The
sites were haphazardly chosen, using an aerial aiaparious locations
around the periphery of the pond. Upon arrivalha field, a 25 x 25 cm
guadrat was randomly placed upon the leaf littenediately land-ward of
the water-line. The area defined by each quadratdug to a depth of 2.5
cm and the contents transferred into a 3.8 litedadde plastic bag. The
contents of each bag were gently sifted in theratiooy using running water
and a 5 mm sieve stacked on top of a 1 mm sieve.

Four replicate quadrat surveys were performedimitiie saw-grass
marsh at the centre of South Pond (Q1-Q4 in Fi4). Ahese sites were
also haphazardly chosen using an aerial map. Upoakin the field, a 25
x 25 cmsample of saw-grass and turf was cut, to a depthsotm, from the
marsh at each of the four sites. The saw-grassk$loere transferred to
separate 25 gallon buckets and taken to the ladogridr examination. Each
sample was placed in a plastic bin measuring 60ociy, 40 cm wide and
14 cm high, carefully broken apart and gently sifte the laboratory using
running water and a 5 mm sieve stacked on top bfram sieve. Shoot
bundles were counted to determine saw-grass density

All biological specimens from the belt transect andrat surveys
were kept for subsequent identification in the lalbory, but only living

specimens were counted and measured (i.e. emptyopgad shells were
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discarded). Live gastropods were counted, meaqtwéal height mm), and
frozen for eco-toxicological analyses (see Chapter All other living
biological specimens were returned to their origipnaations and released

after identification. All transect and quadrat syv results were

standardized on valuesin
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Figure 4.2.Benthic survey locations in Mangrove Lake, (rewk$ represent
the belt transects while the red squares and agedciwhite numerals
represent the detritus sampling locations; greesies and associated letter
notations represent the rocky substrate sampletibtosd, and in the
surrounding mangrove areas (yellow circles and alpmeric notations
represent the quadrat sample locations).
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Figure 4.3.Benthic survey locations in South Pond. (Red ssgiand white
numerals show detritus sampling locations in thisuar pond; yellow
circles and alphanumeric notations represent them sample locations in

the central marsh).

Results

Direct observation

Between 2008 and 2013, diamondback terrapins wamemonly observed
moving slowly along the bottom of South Pond taksngcessive mouthfuls
of sediment during both diurnal and nocturnal sysvé-ig. 4.4). The head
was often either fully or partially buried withime sediment during this
behaviour, and sometimes the front limbs were ueedhke the sediment
laterally in front of the foraging individuals. Tée behaviours were
observed being performed by female, male and jlwemérrapins.
Individuals were seen foraging in this dredgingestgnanner upon open
areas of sediment as well as immediately adjacetiie¢ edges of the pond,
often disappearing entirely from view under the kzaaf the pond or under
the overhanging leaves of the saw-grass growinggathe edges of the

marsh at the centre of South Pond. Infrequent geraf water clarity in
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Mangrove Lake permitted a limited amount of behakab observations.
Terrapins were observed at this location througtbet six year period,
however no foraging was witnessed. Individuals wimgically seen in
transit, occasionally disappearing from view beheaiangrove branches
overhanging the surface of the pond. Terrapins vireguently seen at the
surface of both Trott's Pond and North Pond; howewe foraging was
witnessed within either due to poor water clarity.

The timed foraging observations in South Pond aransarized in
Table 4.1. A total of twelve observations were mafiéoraging terrapins
during the months April-August from 2010-2012 andluded eleven adults
(all female) and one juvenile. The submerged tithas individual terrapins
spent foraging on the bottom (bottom time) rangedifone minute and 15
seconds to 22 minutes and eleven seconds. Meavidadi bottom times
ranged from two minutes and 36 seconds to 16 nsnatel ten seconds.
The time spent at the surface between successixiedpeof foraging
(surface interval) ranged from five to 54 secorisan individual surface

intervals ranged from 15 to 22 seconds (Table 4.1).
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Source: Mark Outerbridge

Figure 4.4. Mature female diamondback terramhowing dredging-style
feeding behaviour while foraging in the sedimenSouth Pond. Note that

head is completely buried in lower image.
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Table 4.1.Timed foraging observations of twelve diamondbgerkapins in
South Pond.

Sex/stage Bottom Mean Bottom  Surface Mean Surface
Time Time Interval Interval
(min:sec) (min:sec) (min:sec) (min:sec)
Juvenile 8:40 - 0:15 -

Adult female 2:02 0:18

4:14 0:23

1:38 0:15

2:30 2:36 0:09 0:16
Adult female 4:30 - 0:04 -
Adult female 5:35 - 0:10 -
Adult female 5:37 0:11

5:18 0:19

7:05 0:07

7:03 6:15 0:22 0:15
Adult female 4:13 - 0:11 -
Adult female - 0:20

6:07 0:16

2:41 4:24 0:12 0:16
Adult female 1:15 0:54

5:18 0:05

3:31 3:21 0:06 0:22
Adult female 10:15 0:22

15:20 0:17

22:11 0:14

16:56 16:10 0:20 0:18
Adult female 3:54 - 0:27 -
Adult female 3:40 0:18

2:27 3:03 0:10 0:14
Adult female 5:58 - 0:15 -

Faecal analyses
A total of 54 diamondback terrapins were nettedwben March and
September 2010 (n=21) and January and October @&BB) for the faecal
analysis study, of which 42 (77.8%) produced faseahples during the 48
hour confinement period (30 adults, four immatwméles, three juveniles
of undetermined sex, and five neonates). Of thetésdapins, 30 were
captured from South Pond (of which 23 or 76.7% poedl faecal samples),
20 from Mangrove Lake (of which 15 or 75% produdadcal samples),
three from North Pond (all of which produced faesainples), and one was
captured from Trott's Pond (which also producedechl sample).

Of the 42 terrapins that produced faecal matter(6&B7%) were
classified as female (24 mature, four immaturepnag from 126—-196 mm
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SCL (mean 172, SD 17.9) and six (14.3%) were diadgsias male (all
mature) ranging from 114-134 mm SCL (mean 122, $DTBree (7.1%)
were classified as juveniles (97-107 mm SCL, me@?, ED 5), and five
(11.9%) were classified as neonates (31-35 mm &@an 33.7, SD 1.6).

Sediment occurred in 73.8% of the faecal samplastrgpods in
66.7%, plant material in 33.3%, fish and vertebmténal bones in 19%,
terrestrial arthropods in 14.3%, polychaete wormsalves, terrestrial
crustaceans and trash (each 2.4% respectively)q Bab).
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Table 4.2. Dietary items obtained from 42 faecal sampledMafaclemys
terrapin collected from four ponds in Bermuda. Symbols: mumber of

samples containing a given food type; % = percentdgamples containing

a given food type in relation to the total numbgsamples.

Dietary Iltem

n (%)

Sediment
Plants (grass, seeds, algae)
Gastropoda
Heleobops bermudensis
Melanoides tuberculata
Melampus coffeus
Insecta
Apis mdllifera
Berosus infuscatus
Pheidole megacephala
Julus sp.
Unidentified Lepidoptera larva
Osteichthyes
Fundulus bermudae
Amphibia/Reptilia
Rhinella (synBufo) marinus
Malaclemys terrapin
Polychaeta
Arenicola cristata
Bivalvia
Isognomon alatus
Crustacea
Armadillidiumvulgare

Trash (cigarette filter)

31 (73.8%)
14 (33.3%)
28 (66.7%)
24 (57.1%)
15 (35.7%)
2 (4.8%)
6 (14.3%)
2 (4.8%)
1 (2.4%)
1 (2.4%)
1 (2.4%)
1 (2.4%

5 (11.9%)
3 (7.1%)
2 (4.8%)
1 (2.4%)
1 (2.4%)

1 (2.4%)

1 (2.4%)
1 (2.4%)

The gastropods comprised three speckédeobops bermudensis,
Melanoides tuberculata, (Fig. A4.5 in Appendix 4) antelampus coffeus.
Heleobops bermudensis occurred in 57.1% of all faecal samples and was
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obtained from terrapins captured in South Pond, dviave Lake, and North
Pond.Melanoides tuberculata occurred in 35.7% of the faecal samples but
was only obtained from terrapins captured in Sdthd, whileM. coffeus
only occurred in 4.8% of the faecal samples andataained from terrapins
captured in Mangrove Lake.

The plant materials consisted mostly of mown gfeegments, saw-
grass seeds and green algae. The terrestrial potfsoconsisted of honey
bees Qpis mellifera) (4.8% of the samples), small beetleBerpsus
infuscatus), an isopod Armadillidium vulgare), a millipede Julus sp.), a
big-headed antRheidole megacephala), and an unidentified caterpillar
(each represented in 2.4% of the samples). Thedigh other vertebrate
animal bones came from aquatic species and incléidedrom the family
Cyprinodontidae - which occurred in 11.9% of thenpées; an amphibian
(Rhinella marinus) - which occurred in 4.8% of the samples; andilee
(Malaclemys terrapin) - which occurred in 2.4% of the samples. The daec
samples containing arthropods and fish and vertetaaimal bones were
acquired from terrapins captured in a variety ohg® The samples that
contained the polychaete worrénicola cristata) and the shell fragments
from the flat mangrove oystelspgnomon alatus) came from terrapins
captured in Mangrove Lake. The single sample tletained a wad of
cotton (which was identified as having come froncigarette filter) was
obtained from a terrapin captured in South Poni@. Worth noting that most
of the samples (n=33 or 78.6%) that contained sewdinalso contained
other dietary items, whereas nine samples (21.4%npcised only
sediment. Female, male, and juvenile terrapins vadreound to have
ingested sediment, but none of the neonate tesgminduced faeces that
contained sediment.

Table A4.5 in Appendix 4 summarises the dry massalbtlietary
food items obtained from 33 terrapin faecal sampld®e majority of the
samples (n=20 or 47.6%) had a total dry mass af tleat 1 g, and of the
remaining 13 samples, only one had a total dry mésser 10 g (note that
sediment and vegetation were excluded from allutaions). The relative
proportions of different dietary items in each falesample varied amongst

terrapins (Table A4.6 in Appendix 4). Approximatdiglf of the samples
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(n=20) included more than one dietary item whil@arheone third of the
samples (n=13) consisted of only a single food item

Tables A4.7 — A4.9 in Appendix 4 summarise theltotamber, size
range, and mean size (with SD) for the three gpsttospecies obtained
from the faecal samples of adult female, male an@nile diamondback
terrapins respectively. The mean sizévbftuberculata ingested by females
(n=17) was 3.3 mm TH (SD 2.1 mm), the mean siz.dfermudensis was
1.8 mm TH (SD 0.8 mm), and the mean sizélotoffeus was 9.4 mm TH
(SD 1.1 mm) (Table 4.7). The mean sizeMf tuberculata ingested by
males (n=3) was 2.1 mm TH (SD 1.0) and the meandi#l. bermudensis
was 1.5 mm TH (SD 0.6 mm) (Table 4.8). The meaa eiVl. tuberculata
ingested by juveniles (n=3) was 2.0 mm TH (SD Or6)mand the mean size
of H. bermudensiswas 1.2 mm TH (SD 0.4 mm) (Table 4.9).

Table A4.10 in Appendix 4 summarises the total nembize range,
and mean size (with SD) for the single speciesastrgpod obtained from
the faecal samples of neonate diamondback terrgp#ts). The mean size
of H. bermudensiswas 1.2 mm TH (SD 0.4 mm).

Table A4.11 in Appendix 4 shows the combined sunmsaof the
total numbers, size ranges, and mean sizes (wi)if@Dhe various species
of gastropod obtained from the faecal samples efatiult female, adult
male, juvenile, and neonate terrapins studied igittvestigation. The total
number of wholeM. tuberculata from all faecal samples was estimated to be
2224 (size range 1-18 mm TH; mean 3.2 mm TH; SDn2mi) of which
95% had been ingested by female terrapins, 4.5%ndles and 0.6% by
juveniles. The total number of whold. bermudensis from all faecal
samples was estimated to be 1910 (size range 1-5Thimmean 1.8 mm
TH; SD 1.1 mm) of which 86% had been ingested byaies, 7.9% by
males, 4% by juveniles and 2.1% by neonates. Tk tmmber ofM.
coffeus from all faecal samples was 13 (size range 7-11Thinmean 9.4
mm TH SD 1.1 mm). These results show thatbermudensis had been
consumed by all age classes (i.e. adults, juverdled neonates), whereas
M. tuberculata had been consumed by adults and juvenilesMncbffeus

had only been consumed by adults.
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The gastropod and bivalve shells were either fowmble or in
fragments in the faecal samples, often accompauyeitheir opercula. The
majority of the insects were in various stagesiséuiculation in the faecal
samples (possibly because they were bitten atithe of ingestion or
because of digestive processes) with the excepfitime Lepidoptera larva,
which was found whole and still vividly colouredm&ll fish scales were
occasionally found with the fish bones and one cfe was discovered
with the terrapin foot bones, which aided in thenitification to species
level.

Tables A4.12 — A4.15 in Appendix 4 show the numbérthe
various gastropod sizes and Figs. 4.5 - 4.8 shenp#rcentage frequency
occurrence for the three different species of gasuisfound within the
pooled faecal samples of female, male, juvenile, @@onate diamondback
terrapins. They clearly show that the vast majavitghe snails ingested by
the terrapins measured <3 mm TH, regardless adgarmaturity status or
sex. Most of thed. bermudensis snails measured <2 mm T(85.5% within
the female faecal samples, 92.2% within the malepss, 98.7% within the
juvenile samples, and 100% within the neonate sesjphnd the majority
of the M. tuberculata snails measured <3 mm TH (63.5% within the female
faecal samples, 93% within the male samples, 100&invthe juvenile
samples). Nearly 70% of thkl. coffeus snails ingested by the females
measured between 9 mm and 10 mm TH.
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Figure 4.5. Frequency of occurrence of different sizddileobops
bermudensis, Melanoides tuberculata and Melampus coffeus in the faecal

samples of female diamondback terrapins in Berntnda7).
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Figure 4.6. Frequency of occurrence of different sizedeleobops
bermudensis and Melanoides tuberculata in the faecal samples of male
diamondback terrapins in Bermuda (n=3).
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Figure 4.7. Frequency of occurrence of different sizedeleobops
bermudensis and Melanoides tuberculata in the faecal samples of juvenile

diamondback terrapins in Bermuda (n=3).
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Figure 4.8. Frequency of occurrence of different sizedeleobops
bermudensis in the faecal samples of neonate diamondback pi@gain
Bermuda (n=5).
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Necropsies

Ten small diamondback terrapins were recorded asgh@eyed upon by
yellow-crowned night herons between April™and May 18 2010; five
during the scheduled heron observation surveysTabtes A4.1 - A4.4 in
Appendix 4) and an additional five were reportedniymbers of the public
over the same period. All occurred between 08:@ 00 hours. Nine of
these predation events were fatal to the terrafdng neonate, with no
obvious injuries, was rescued by Mid Ocean golfreeunaintenance staff
and released back into South Pond). Of the niralyainjured terrapins,
only one (a 5Inm SCL juvenile) was obtained for necropsy (sevethe
remaining eight were consumed by the herons andvasedropped into the
pond and subsequently lost).

Additionally, six dead terrapins (two neonates, qunenile, three
adults) were discovered stochastically in SouthdPand Mangrove Lake
between 2010 and 2012. The juvenile measured 110S@in the three
adults measured 142 mm, 151 mm, and 152 mm SClecasgply, and the
neonates measured 29 mm and 30 mm SCL respectiyely.one neonate
was fresh enough to necropsy; the remaining tersapiere either found as
skeletons or in advanced stages of decompositiase® on SCL, the three
adults were determined to be females (see Chapter 3

The stomach and intestinal contents of the predatezhile (51 mm
SCL) contained whole gastropod shells, crushed $tagments, and flesh
with the opercula still attached, all from the hghird gastropodHeleobops
(syn Paludestrina) bermudensis) (Fig. A4.4 in Appendix 4). Shell heights
ranged from 1-2 mm (mean 1.3 mm; SD 0.5; n=6), thedotal dried mass
of the stomach contents sample weighed 0.0345g. stbmach of the
neonate encountered dead in the wild was found g¢oempty upon
dissection; however the intestines contained wkbkdls and crushed shell
fragments oM. bermudensis, as well as the chitinous body parts of a small
water beetleBerosus infuscatus). Shell heights ranged from 1-2 mm (mean
1.1 mm; SD 0.4; n=8), and the total dried masshef intestine contents
sample weighed 0.03494g. Thus, gastropods compti€élo and 99.75%
respectively of the total dried mass of these tam@es. There was no

significant difference between the shell heightshefH. bermudensis found
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in the guts of the neonate and predated juvenileigkal-Wallis; H=0.82,
p=0.365), suggesting that both life history stagessume the same food

resource.

Benthic biotic surveys within the terrapin wetlandenvironments

Pond surveys

Only two species of aquatic gastropods were eneoedt during the
Mangrove Lake surveys; the false horn shBHti{laria minima) and the
hydrobiid snailHeleobops bermudensis. Two species of aquatic gastropods
were also encountered during the South Pond survlegshydrobiid snail

H. bermudensis and the red-rimmed melani&i€anoides tuberculata).

Mangrove Lake:

Table A4.16 in Appendix 4 summarises the site focatand benthic
characteristics, as well as the relative abundasfc®. minima and H.
bermudensis encountered at each of the ten sample locatiamgyalransect

1 in Mangrove Lake. The abundance of these gasisoparied along this
transect;B. minima ranged from 0-56 snails T(mean 15.2; SD 23.2;
n=152), whereadd. bermudensis was more commonly encountered and
ranged from 0-492 snails fi{mean 106.8; SD 160.7; n=1068). Both species
were encountered in relatively low numbers at liocet that comprised
sediment only B. minima 0-28 snails n andH. bermudensis 0-192 snails
m?). The abundance of both species increased signific at locations
where widgeon gras&(ppia maritima) grew @. minima 123 snails iiand

H. bermudensis 252-492 snails if) (see Fig. 4.9). Shell height 6.
bermudensis along Transect 1 ranged from 1-3 mm (mean 1.6 8In0.5;
n=267);B. minima ranged from 6.5-11 mm (mean 9.0; SD 1; n=38).

Table A4.17 in Appendix 4 summarises the site iocaand benthic
characteristics, as well as the relative abundasfc8. minima and H.
bermudensis encountered at each of the ten sample locatiamgyalransect
2 in Mangrove Lake. The abundance of these gadiptso varied along
this transectB. minima ranged from 0-20 snails fn(mean 3.2; SD 6.5;

n=32), whereasH. bermudensis was more commonly encountered and
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ranged from 0-772 snails fimean 125.2; SD 255.5; n=1252). Both species
were encountered in relatively low numbers at liocest that comprised
sediment only B. minima 0-8 snails rf andH. bermudensis 0-60 snails m

%). Again, the abundance dfi. bermudensis increased significantly at
locations where widgeon grass grew (range 380-Tigdssnm?) (see Fig.
4.10). Shell heights off. bermudensis along Transect 2 ranged from 1-4
mm (mean 1.8; SD 0.5; n=313; minima ranged from 7-10 mm (mean
8.3; SD 1.2; n=8). Pooling the data for each oftthe separate transects in
Mangrove Lake shows thadd. bermudensis was more abundant thdh

minima along the central axes of the pond.

South Pond:

Table A4.18 in Appendix 4 summarises the site iocatand benthic
characteristics, as well as the relative abundan¢¢ bermudensis andM.
tuberculata encountered at each of the ten sample locatiamgalransect 3
in South Pond. All of the sample locations compgrisediment and both
shail species were encountered in very low numfidrdermudensis 0-4
snails nf, mean 0.4, SD 1.3; n=4; ai tuberculata 4-20 snails i, mean
13.2, SD 5.7; n=132) (see Fig. 4.11). Shell heighftdH. bermudensis
encountered along Transect 3 measured 1 mm THrendhell heights of
M. tuberculata ranged from 1-11 mm (mean 3.1, SD 2.0). The podkdd
for Transect 3 shows tha¥l. tuberculata was more abundant thad.
bermudensis within the sediment of South Pond. Furthermoig,
bermudensis appeared to be more abundant within Mangrove lth&a in
South Pond.

Further detailed analyses of gastropod abundanicesy all three study
transects were attempted. The data were non-noamdl variance was
heterogenous whether the data were raw or squatetransformed. The
requirements of parametric statistics were theectiolated. Accordingly, a
non-parametric approach was adopted. First, thaddnces oB. minima
were investigated. A Kruskal-Wallis test across ttmee transects showed
that there were significant differences amongstrihbers of this species
(Chi-Square = 7.885, df =2, p =0.019). Post-hotstasing Mann Whitney
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U tests were then conducted to compare Transectitll Twansect 2,
Transect 1 with Transect 3 and finally Transectithwransect 3. This is
not an ideal approach as there is an attendantofiskype 1 error (i.e.
incorrect rejection of a null hypothesis), but nettbr alternative is
available. These post-hoc tests indicated thatethveere no significant
differences in numbers &. minima between Transects 1 and 2 (both from
Mangrove Lake) (Mann-Whitney U = 36.50, Wilcoxon ¥91.50, Z= -
1.153, p= 0.315). There were no significant diffexes in numbers dB.
minima between Transects 1 and 3 (Mann-Whitney U = 33/itcoxon W
=88.00, Z=-1.302, p= 0.218), but there were sigaiit differences between
Transects 2 and 3 (Mann-Whitney U =12.00, Wilcoxtn= 67.00, Z= -
2.954, p= 0.003).

Second the same approach was adopted for the ameslafH.
bermudensis. A Kruskal-Wallis test across the three transetigswed that
there were significant differences amongst the remnbf this species (Chi-
Square =12.76, df =2, p =0.002). Post-hoc Mann kéyitests showed that
abundances oH. bermudensis did not differ between Transects 1 and 2
(Mann-Whitney U =39.00, Wilcoxon W = 94.00, Z= -84 p= 0.436), but
did differ significantly between Transects 1 and(Ndann-Whitney U
=11.00, Wilcoxon W = 66.00, Z= -3.229, p= 0.002j dretween Transects
2 and 3 (Mann-Whitney U =12.50, Wilcoxon W = 67.50; -3.117, p=
0.003). Overall these tests indicate that thergrizng (but not conclusive)

support for the abundance trends identified above.
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Figure 4.9. Densities of gastropodBatillaria minima and Heleobops
bermudensis along Transect 1 (see Fig. 4.2) in Mangrove Lake.

B Batillaria @ Heleobops

800

700 4------mmmmmmmm oo
600 F---------mmmmmmmoe oo
500 - - oo
400 ------mmmmm e
300 f--------mmmmmmmmmo oo --

Density (snails m-2)

200 F--------mmmmm oo --

100 4 ------mm oo --

2-1 2-2 2-3 24 25 26 2-7 2-8 29 2-10

Transect number

Figure 4.10. Densities of gastropodBatillaria minima and Heleobops
bermudensis along Transect 2 (see Fig. 4.2) in Mangrove Lake.
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Figure 4.11. Densities of gastropodsVelanoides tuberculata and

Heleobops bermudensis along Transect 3 (see Fig. 4.3) in South Pond.

Table A4.19 in Appendix 4 shows the results of fibigr replicate
guadrat surveys that were performed in the sambkyr and gravelly areas
of Mangrove Lake (locations A, B, C, D in Fig 4.®nly one species of
gastropod Batillaria minima) and one species of crustacean (the snapping
shrimp Alpheus armillatus) were encountered. The snails were found most
often attached to the rocky substrate, whereastihenp were found either
buried within the gravel or hidden beneath rockse Tensity oB. minima
ranged from 2000-6752 snails’tmean 3596; SD 2211.4) and their sizes
ranged from 3.5-10 mm TH (mean 6.4 mm); the densitp. armillatus
ranged from 0-48 shrimp f(mean 20; SD 24) and their lengths ranged
from 10-19 mm TL (mean 15.6 mm). These data sugbestthe density of
B. minima surveyed upon the rocky shoreline habitat (mear 35@ils nf)
was nearly 400 times more than the mean densitivefB. minima found
upon the sediment along the central axes of Mamgioake (mean 9.2

snails ).
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Mangrove swamp surveys

Figure A4.7 in Appendix 4 shows an example of thangrove swamp
habitat surrounding Mangrove Lake, and Table A4i20Appendix 4
summarises the various aquatic and terrestrialiepeiéscovered during the
guadrat surveys (n=16) performed within this envinent.

A total of five gastropod species were encountetieel;,coffee bean
marsh snail lelampus coffeus), the mouse-eared marsh snailyosetella
(formerly Ovatella) myosotis), the Cuban marsh snailLdemodonta
cubensis), the small western marsh snaMi€rotralia occidentalis), and the
admirable stepping snaiP¢dipes mirabilis). All were found within the
detritus of the intertidal zone and some individuad M. coffeus were also
encountered attached to the red mangrove prop,rastally in clusters,
immediately above the water line of the pokt#ampus coffeus were most
frequently encountered. Density for this speciemyea from 0-1168 snails
m? (mean 282; SD 399.3; n=4512), and shell heightedrfgom 2-15 mm
TH (mean 8.8, SD 3.2Myosetella myosotis was the second most frequently
encountered gastropod; however all were found &t @gme location (Fig.
4.3, Q12). Sizes ranged from 1-6 mm TH (mean 2IB;12; n=848).
Laemodonta cubensis was encountered in densities of 80 snaifsand all
occurred in one location (Fig. 4.3, Q12). Sizesgeghfrom 1-3 mm TH
(mean 1.8; SD 0.8)Microtralia occidentalis and Pedipes mirabilis were
infrequently encountered. Sizes of the former ranfem 6-7 mm TH
(mean 6.3; SD 0.6; n=48), and the latter rangeh 263 mm TH (mean 2.3;
SD 0.6; n=48).

In addition to the gastropods mentioned above, fspecies of
crustaceans were encountered among the detrituege ttvere aquatic
(unidentified amphipod species, the wharf louseop@sl) C(igia
baudiniana), and the isopodi\rmadilloniscus ellipticus) while the fourth
was the terrestrial common sow bug (isopdd)radillidium vulgare). The
amphipods were the most abundant crustaceans dpcedinduring the
mangrove swamp surveys, and were found in 81.3%thef quadrat
locations. Densities ranged from 0-2272Z fmean 371; SD 656.8; n=5936).
Armadilloniscus ellipticus was the second most frequently encountered
crustacean, with densities of 0-1008 fmean 197; SD 311.5; n=3152).
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Ligia baudiniana and A. vulgare were not commonly encountered. Figure
A4.8 in Appendix 4 shows the densities (expressedha frequency of
occurrence M) of gastropods and crustaceans for all 16 mangsoxemp
guadrat surveys performed in the mangrove swamgsamund Mangrove
Lake.

Eggs from the endemic Bermuda Kkillifisfruhdulus bermudae)
were encountered in 25% of the quadrat surveysnAbuoce varied from O-
3824 eggs M (mean 313; SD 958.5; n=5008). The eggs were ysfalhd
hidden within the leaf detritus, but also attackedhe red mangrove prop
roots at the high water mark.

A variety of primarily terrestrial organisms wereccasionally
encountered in low densities within the 16 quatiredtions; these included
millipedes, earwigs, small spiders, earthworms, Isrhaetles, and a

lepidopteran larva (Table A4.20 in Appendix 4).

Saw-grass marsh surveys

Figure A4.9 in Appendix 4 shows an example of tlaav-grass marsh
habitat in the centre of South Pond, and Table R4r2 Appendix 4
summarises the various aquatic and terrestrialiespeéscovered during the
guadrat surveys performed within this environment.

Only one species of gastropod was found duringytrerat surveys
(Heleobops bermudensis). Densities ranged from 176-272 snailg (mean
208; SD 43.3; n=832), and shell heights ranged fiefamm TH (mean 2.3
mm, SD 0.7 mm). Terrestrial organisms were infrediyeencountered
within the quadrats and included millipedes andlssmders. The number

of saw-grass shoot bundles ranged from 16-48 m

Discussion

Molluscan and crustacean abundance and distributionwithin the
terrapin wetland environments

Only two species of aquatic gastropods were eneoedtduring the benthic
surveys of Mangrove Lakd. minima andH. bermudensis. Two species of

aquatic gastropods were also encountered duringpéim¢hic South Pond
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surveys;H. bermudensis and M. tuberculata. Batillaria minima is a small
operculate snail (attaining 15 mm TH) belonginghe family Potamididae
which inhabits intertidal habitats in Bermuda (emudflats and anchialine
ponds), often occurring in enormous numbers (Stedr@86). Melanoides
tuberculata is a burrowing, deposit-feeding thiarid gastroploat is known
to reach densities of 10,000-23,000 snailé (Roessler et al., 1977;
Thompson, 2004). This gastropod is considered toriearily a freshwater
species that is native to tropical and sub-tropiegions of southern Asia
and northern Africa (Clench, 1969). It was introelddo the U.S.A. during
the 1930s (Benson and Neilson, 2012) by the aguapet trade (Murray,
1971) and is known to replace native snails inaegiwhen introduced
(Thompson, 2004). Roessler et al. (1977) repottetiN. tuberculata had
adapted to saline conditions within the estuaringirenment in South
Florida. Melanoides tuberculata appears also to have reached Bermuda
through the aquarium trade (unpublished daktgleobops bermudensis is a
very small operculate snail, belonging to the fgmiydrobiidae, which
primarily inhabits brackish water ponds in Bermysiee Pilsbry in Vanatta,
1911). Hydrobiid snails are a diverse group of gsids, globally
consisting of over 200 genera and approximately01€jiecies (Thompson,
2004).

The results of the quadrat and transect surveyesated that the
sediment surface in Mangrove Lake and South Pomergdy showed a
paucity of gastropods; howevBr minima andH. bermudensis were both
found to exist in higher densities in localizedgbets throughout Mangrove
Lake. Batillaria minima was most often associated with sand, rock and
gravel substrate reaching densities. 6750 snails M, whereasH.
bermudensis was more commonly found within beds of widgeonsgran
densities up to 772 snailsmBenthic mapping of Mangrove Lake was not
performed, but visual assessments of the pond 11 2diggested that both
the gravel/rock and widgeon grass environments ceeg a very small
proportion of the total pond area.

Gastropods were more abundant and diverse withenwibtlands
surrounding the ponds (Mangrove Lake swamp with 8B&ils nf and

South Pond saw-grass marsh with 208 snaif} tman in the benthic pond
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sediments (125.2 snailshand 0.4 snails fhat Mangrove Lake and South
Pond respectively). Five species of gastropodgp(dihonates of the Family
Melampidae) were encountered during the quadrategar within the
detritus of the mangrove swamp intertidal zone @urding Mangrove
Lake. Pulmonate snails do not possess an opercahaonare commonly
found in moist, muddy areas at and slightly abdweehigh tide line around
marshes and mangrove swamps in Bermitiampus coffeus grow to 20
mm TH, but the other remaining species rarely edd¢g@enm TH (Sterrer,
1986). Thomas et al. (1992) and Herjanto (1994pntep thatM. coffeus
was frequently encountered upon the detritus aog poots of mangrove
trees in Mangrove Lake and Trott's Pond, often imitt4 cm of mean low
tide level. The survey results of the present itigation indicate that the
gastropods within Bermuda’s saw-grass marsh andgroe@ swamp
environments can reach densities of up to 1168sSmEi (M. coffeus).

The flat mangrove oystelsbgnomon alatus) is a bivalve species
that grows in clumps on the submerged prop roote@dfmangrove trees in
Mangrove Lake and Trott's Pond and has been rephtoteeach densities of
250 oysters/root or approximately 2700 oystefs oh pond (Thomas and
Dangeubun, 1994). The species was not surveyechgluhie present
investigation as it was not recorded as a freqditary item in terrapins.

Crustaceans were rarely encountered within thataganvironment
of Mangrove Lake (none during the two transect sysvacross the pond
and only one specie®\pheus armillatus) was found in the rocky habitat
guadrat surveys), and no crustaceans were encednagthin South Pond.
However, crustaceans (mostly small amphipods ammpois) were
frequently encountered (87.5%) in the quadrat siveerformed in the
mangrove swamp surrounding Mangrove Lake. The nuaegrcrab
(Goniopsis cruentata) was not encountered during the present studygthou
it was reported to inhabit the intertidal zone camdrove Lake and Trott's
Pond two decades ago (Thomas et al., 1992).

Overall, the results of the current investigatiowicate that the
swamp wetlands adjacent to Mangrove Lake and Seatid do not appear
to be food limited for the small population of #gms that forage within

them.
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Foraging behaviour

Food consumption in diamondback terrapins has Bbewn to be affected
by water temperature; appetite is stable from 2@E3%Davenport and

Ward, 1993). The mid-water temperatures for SouthdPand Mangrove
Lake were well within those values during the J&eptember trapping
sessions (see Fig. 2.14, Table 2.1 and Table 2.€hapter 2). Visual

observations made at South Pond showed that BefshaliEmondback

terrapins spend relatively short periods of timbrsarged while foraging.
Moll and Legler (1971) reported that juvenile reated sliders spend from
20 seconds to five minutes submerged while forggang adult sliders had
submergence times of five to six minutes. Bermua@alglt terrapins spent
comparable amounts of time submerged and foragineag six minutes 30
seconds), and the surface intervals between suegeebenthic foraging

sessions were all brief in duration (mean 16 segpnddicating that

foraging bouts involve aerobic dives.

The terrapins observed in South Pond do not apjpease visual
cues to identify gastropods for consumption. Thetlie sediment in all of
the terrapin ponds is gelatinous and extremelycfitent which allows the
terrapins to both easily move through it and inggsapparently allowing
them to consum. tuberculata, the most frequently encountered gastropod
within the pond’s sediment (Outerbridge and Daven#013). In support
of this hypothesis, faecal analyses (from this ytwdnfirm that Bermuda’s
terrapins consume large numbers of smill tuberculata and H.
bermudensis together with large quantities of sediment. Thdirsent is
believed to have been incidentally rather thanbeeditely ingested.

Diamondback terrapins in the North American range in
environments affected by high tidal variability,daare able to forage in the
upper reaches of salt marshes and mangrove swampg geriods of high
tide. Tucker et al. (1995) surmised that feedinmn@ded with swimming
activity at high tides when more snails were aldélaand marsh-dwelling
crabs were more active. These authors reportednobgelarge female
terrapins feeding in areas of high snail densitthinithe floodedSpartina
marsh-land in South Carolina. Individual terrapimere seen consuming

snails within reach and pushing over bladesSudrtina to feed upon the
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out-of-reach snails attached to the stems. Davémpa@i. (1992) conducted
a series of experiments to show how terrapins nerdangerous prey
(crabs). Their results showed that terrapins wetecsive in the sizes of
prey consumed and exhibited behavioural adaptatidnsh allow them to

minimize the risk of being injured by their preynall crabs were eaten
whole, medium-sized crabs were not killed, but eathad their rear legs
cropped (i.e. the walking legs furthest from thelgeds), and large crabs
were generally avoided. Visual detection of movyimgy has been identified
as being of paramount importance to the foragingess of the slider turtle
(Parmenter and Avery, 1990), and it generally appéa be the case for
diamondback terrapins as well. The non-selectiepodit-feeding strategy
observed in the Bermuda population of terrapinsvisiently an adaptation
that has allowed them to take advantage of the |dpeathic gastropods
inhabiting the gelatinous pond sediment. This behavhas not been
reported previously, possibly because of the inpmo®us nature of
diamondback terrapins and the turbid waters of kmackish coastal

environments in North America where they feed.

Faecal analyses

Faecal analysis is the most common method for ohiérg the dietary

composition of wild diamondback terrapins (see eex in Butler et al.,

2006; Ernst and Lovich, 2009), and was the pridaipathodology used in
the present study. Diamondback terrapins have blesoribed as dietary
generalists by some researchers (King, 2007; Heto2009), and this
appears to be the case with Bermuda’s populatibabiting the brackish
water ponds. The vegetation found in the faeceh@fterrapins studied in
the current investigation is believed to have headvertently ingested. All
of the insects are thought to have been consumted fling into the

ponds, rather than having been ingested in theseral environment (with
the exception of those consumed by the neonatapies which are
residents of the intertidal mangrove and grass-dated marsh
environments adjacent to the ponds) (see Chaptdh@) polychaete worm
and the fish, toad, and terrapin bones discovenethé faecal samples

indicate that Bermuda’s terrapins also scavenge aaimal remains.
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Carcasses of these species are periodically olsbélinating at the surface
of the study ponds and it is likely that they appartunistically ingested
when encountered. Scavenging has been reportedtlier diamondback
terrapin populations in the U.S.A. (Ehret and Werrz004; Petrochic,
2009; Butler et al., 2012).

A literature review revealed that at least 21 stadiave reported on
diamondback terrapin diet (17 involving wild terag and four involving
captive terrapins), including eleven that used dhemalyses to determine
diet composition (Table A4.22 in Appendix 4). Thetadies suggest that
diamondback terrapins are opportunistic and caroiv® feeders that
consume a wide variety of prey items within wetldrabitats. Gastropods
(e.g. Littorina irrorata and Ilyanassa obsoleta) predominate in the diet of
some terrapin populations in South Carolina and Nerk (Tucker et al.,
1995; Petrochic, 2009), while bivalves (eMya arenaria and Mulinia
lateralis) predominate in the diet of other terrapin popata in Maryland,
NE Florida and New York (Roosenburg et al., 1999fl& et al., 2012;
Erazmus, 2012), and crustaceans (Eajlinectes sapidus) were reported to
dominate the diets of some terrapins in North Gaao{Spivey, 1998). Such
investigations indicate that the diet of terrapinsflects geographic
variations in prey availability and spatial distriton as well as food
accessibility, especially in regions of high tidainplitude. Butler et al.
(2012) hypothesised that female terrapins, whertefibrto leave their
resident tidal creeks where they normally forageket advantage of
alternative food sources in the areas where thel iaere is also evidence
that indicates diamondbacks show dietary partitignivhich is related to
the ontogenic niche of terrapins. Tucker et al98)demonstrated that the
salt marsh periwinkleL{ttorina irrorata) comprised up to 79% of the total
dietary volume of the terrapins studied in theireistigation, and that small
terrapins specialised in consuming small snailsdiom-sized terrapins
consumed both small and large snails as well dsscirnd large terrapins
spread their dietary preferences more evenly antomgarious sized snails
and crabs. Davenport et al. (1992) and Petrocl@iogRstudied jaw gape in
relation to prey selection and both found that gapeé bite force appeared

to be the main constraints when feeding upon modlu®nly those snails
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and bivalves which could be either swallow wholecarshed between the
terrapin’s jaws were consumed; thus females (wiss@ss the largest heads
and therefore can deliver the strongest bite fom®) more capable of
ingesting larger, more heavily armoured prey itethan smaller-sized
terrapins. Tucker et al. (1997) found that diamauibterrapins in South
Carolina did not eat a common and abundant gagirfp@nassa obsoleta)
despite the fact that it was readily accessibleetmpins foraging upon the
salt marsh lower intertidal zone. They postulatedt tthe greater shell
strength ofllyanassa led to higher processing costs which may deter
predation by terrapins, despite the lower searchtsc@and equivalent
energetic returns relative to other gastropods. (eigorina). This may
partially explain why diamondback terrapins in Bada were not found to
consumeB. minima, which occurred in localized high densities (uB#b0
snails nf) within Mangrove Lake. It is feasible that the wsb shell
architecture ofB. minima may be providing protection from terrapin
predation; however a crushing force investigat®needed to confirm this.
Analyses of the terrapin faecal samples of the Belanpopulation
suggest thaH. bermudensis and M. tuberculata are the most frequently
consumed gastropodsglelampus coffeus does not appear to be an important
dietary food item for Bermuda'’s terrapins, dridmyosotis, L. cubensis, M.
occidentalis and P. mirabilis do not appear to be consumed at all
Gastropods belonging to the geridslampus were identified as a dietary
component of wild diamondback terrapins (Coker, 698pivey, 1998;
King, 2007; Petrochic, 2009), and diamondback pens are known to
readily consumeMelampus in captivity (Allen and Littleford, 1955;
Davenport et al., 1992)Melampus coffeus was found to be the most
abundant gastropod within the intertidal zone o thangrove swamp
surrounding Mangrove Lake, however it was only fun 4.8% of the
faecal samples examined in the present investigatRetrochic (2009)
reported that the bite force required to crivhbidentatus was within the
capabilities of male and female terrapins, thuss iikely that Bermuda’s
male and female terrapins are equally capable méwmingM. coffeus. It is
currently unclear why Bermuda’s diamondback temagre not exploiting

this comparatively abundant food source. Futurelistushould focus on
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examining additional faecal material, especiallytiie neonate and small
juvenile size class (i.e. 30-90 mm SCL range) tteweine the extent to
which the small gastropods within the marsh wettaak being consumed.
It is equally unclear why Bermuda'’s terrapins dé aygpear to be exploiting
the flat mangrove oyster as a food resource sihée among the most
abundant, visible and sedentary of all the mollustegbiting Mangrove

Lake and Trott’'s Pond.

Diamondback terrapins throughout the northern pérthe North
American range were found to frequently ingest #a#t marsh snails
Littorina irrorata andL. saxitilis (Coker, 1906; Tucker et al., 1995; Spivey,
1998; Petrochic, 2009; Butler et al.,, 2012; Erazn2®12). The modal
number ofLittorina excreted by terrapins captured from a South Qaaoli
salt marsh was 16, but some passed as many asa8} @rmovich et al.,
unpublished data in Ernst and Lovich, 2009). Shelights forLittorina
excreted by male and female terrapins in the U.8aAged from 2-15 mm
and 4-21 mm respectively (Lovich et al., unpubléidata in Ernst and
Lovich, 2009). Nine species of periwinkles belomgito the family
Littorinidae are described from Bermuda, but onlgeo(the Atlantic
mangrove periwinkle L{ttorina angulifera)) is resident in the mangrove
swamp community (Sterrer, 1986); however it is pagsent in Mangrove
Lake nor Trott's Pond (Herjanto, 1994) and theref® inaccessible to
Bermuda'’s terrapins.

Hydrobiid snails have been identified as dietagynis from terrapins
in New York (Petrochic, 2009; Erazmus, 2012); hogrethese snails did
not comprise a large percentage of the terrapi) dieereas they appear to
be the most commonly consumed gastropod in the Bagrpopulation. The
mean number ofl. bermudensis defecated by male and female terrapins in
Bermuda was 112 snails (range 1-926).

The thiarid snail M. tuberculata, the second most commonly
consumed snail in the Bermuda terrapin populatias, never been reported
from previous studies and thus represents a noeel item for this species
of reptile. Melanoides tuberculata is a relatively recent arrival to Bermuda
(M. Outerbridge, unpublished data) and has alsa mEntified as a host for

several species of parasitic trematode worms (Pamitd de Melo, 2011)
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which are known to affect the health of waterfofishes and mammals
(including humans) (Penner and Bernard, 1963; Mitckt al., 2007). It is
currently unknown whether this species of thiarithib is host to any
parasites in Bermuda and whether they would comiz@tihhe health of the
terrapins that consume them. Bermuda’s terrapipto#@xhis food resource
in South Pond and may be regulating the populatioramics of this exotic
prey item; such top-down control could explain tbever snail densities
found in the present investigation in comparisorihwthe significantly
higher densities dfl. tuberculata reported for areas in the U.S.A. (Roessler
et al.,, 1977; Thompson, 2004). Exotic species bemome established in
non-native regions of the world can become extrgnabundant and may
eventually comprise a large part of the prey bagailable to native
predators (see discussion in Carlsson et al., 200@ther studies that
examine the extent to which diamondback terrapiaspeoviding biological
resistance against the invasion\f tuberculata (as well as the effect that
consuming them has upon terrapin health and fijremeswarranted.

King (2007) examined the feeding ecology of neoriateapins in
the salt marshes of the Long Island Sound in Nevk$tate, and found that
they were dietary generalists that selected foedhst based on abundance
and availability. This smallest size class consuraeslide variety of prey
organisms, with crustaceans (green cr&asdinus maenas) and amphipods
belonging to the genudrchestia) being the most commonly found in the
faecal samples examined; however, insects and narals Melampus
bidentatus) also occurred in the sampldseleobops bermudensis was the
only gastropod species found within the faecal daspf the neonate
terrapins in the Bermuda study, despite the faat $mall gastropods from
numerous snail species inhabit the wetland comnesnitThe quadrat
surveys performed within the mangrove swamp sudmgn Mangrove
Lake suggested that the smallest cohorts of themgnéte snails
encountered are small enough to be ingested byate@amd small juvenile
terrapins. It is possible that the small samplee siz the faecal (five
neonates) and necropsy (one neonate, one juvanileytigations in the
present study may be a reason why none of thogepgads were found in

the diet of this smallest size class of terrapirBarmuda. Other potential
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food items for neonate and small juvenile terraginsountered during the
qguadrat surveys included amphipods (which occuimesil% of the survey
sites and in densities of up to 227%)nand killifish eggs (which occurred
in 25% of the survey sites and in densities of w3824 nt.) In Jamaica
Bay, New York, diamondback terrapins are knownrgest the eggs of
Atlantic horseshoe crabd.ifnulus polyphemus) (Erazmus, 2012), whose
eggs are close in size to those deposited byigfilica. 2 mm) (Leschen et
al., 2006; Outerbridge et al., 200®)ore faecal samples are required from
neonate and small juvenile terrapins inhabiting Mengrove Lake swamp
to determine whether pulmonate snails, amphipoodd Fandulus eggs are
dietary items. Finally, the absence of sedimenhéneonate faecal samples
suggests that this size class in Bermuda shows reelectivity when
foraging than do larger juveniles and adults withire benthic pond

environment.

Necropsies

Care should be taken in the interpretation of tesmuhen analyzing samples
from dead terrapins as the diets of these animaismot reflect the diets of
healthy individuals. This caveat, however, is lagplicable to terrapins that
have been preyed upon by herons since the dedltiesé terrapins may be
independent of health status (i.e. illness). Therosy results for the two
terrapins examined in the current study confirm tésults obtained via
faecal analysis — chiefly that Bermuda’s terrapnsdominantly consume
small gastropods and insects found within theirlavet environments. The
small sizes of the necropsied terrapins (29 anch&ILSCL) and the location
where they were encountered suggest that thesedodls were residents

of the marsh at the centre of South Pond.

Concluding comments

The faecal analyses and, to a more limited extdm, necropsies have
shown that diamondback terrapins in Bermuda art&amdjiegeneralists that
appear to favour the consumption of small gastrepdthe range of food
items is less than those reported from North Anaerimwever this may be

due to the fact that there is less diversity ampmy species present within
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the pond habitat in Bermuda in comparison with ¢éhfmeind within the salt
marshes of the U.S.A. For example crabs, whichaarelatively abundant
element of the salt marsh environment and an imapbrfood item for
terrapins in North America, are cryptic and rareMangrove Lake and
Trott’s Pond (Thomas et al., 1992) and absent f8outh Pond and North
Pond (M. Outerbridge, personal observation).

The quadrat survey results in the mangrove andgsass marshes
of the present study indicate that these envirotisndn not appear to be
food limited, especially for neonate and small juleeterrapins. In contrast,
the benthic surveys within the ponds show thatrgpstd abundance is
unevenly distributed and generally low within tleglsnent, but is higher in
localized areas where rocky substrate or widgeassydominate.

The nutritional quality of diet and the quantity folod availability
influences the physical health of turtles, affegtinoth growth rate and
maturation time (Parmenter and Avery, 1990). No @at@n or other
visible maladies resulting from nutritional defioc@es (i.e. goiters) was
observed in individuals within the Bermuda popwatiThe caloric content
of the flat mangrove oyster was determined to B8 6al mg' (Thomas and
Dangeubun, 1994), however this abundant bivalves do® appear to be
heavily exploited by terrapins in Mangrove LakeeTénergetic values for
the most commonly ingested food items (eky. bermudesis and M.
tuberculata) should be calculated to ascertain if enough Mjghlity prey
are being consumed.

Evidence exists that suggests that Bermuda’s tesapre being
exposed to a wide range of toxic compounds (e.gvhenetals, gasoline-
range and diesel-range petroleum hydrocarbons ahtyelic aromatic
hydrocarbons) via food-chain contamination, spealfy through the
ingestion of gastropods. Furthermore, the high dewcce of sediment
consumption observed in the present study withiveniles and adult
terrapins is of concern as this may be providingitaahal contaminant
exposure (see Chapter 7). Exposure to polycyclienatic hydrocarbons
and crude oil is known to cause embryological defttes and reduce
embryo survival rates in the common snapping ty@leelydra serpentina)

(Van Meter et al., 2006). Tissue residue analyse®&rmudian specimens
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of adult cane toadsRhinella marina) and red-eared slidergr@chemys
scripta elegans) have revealed significant levels of diesel raogganics,
polycyclic aromatic hydrocarbons and metals. Addiilly, liver and gonad
abnormalities have been documented within bothispdom a number of
different locations throughout Bermuda which arsoagted with high
levels of contaminants (Fort et al., 2006; Forlet2006; J. Bacon, personal
communication). The short-term and long-term effetttat exposure to
these contaminants may have upon the Bermuda ierpgpulation are

unknown.
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Chapter 5: Nesting Ecology of Diamondback Terrapingn Bermuda

Abstract

Bermuda’s small population of diamondback terrapifidalaclemys
terrapin) nests almost exclusively within a limited numioérsand bunkers
on a private golf course. Similar to elsewherehairt range, nesting was
primarily diurnal, typically commenced in late Maror early April and
ended in late August. Peak oviposition was obseimdday and June. The
average clutch size was 5.1 (range 0-10 eggs; 8D rZ163) and the
average incubation period was 61.8 days (range34@édys; SD 10.5;
n=26). Delayed emergence was documented, with ay e 43.8% of the
hatchlings remaining in their natal nests overiger months. The mean
annual hatching success rate was determined t®%e (lange 17.6-21%;
SD 1.9) from 2009-2011. The majority of nests manatl in 2010 (54.4%)
and 2011 (69.6%) did not produce any hatchlings. @xperienced total
hatching failure). No nest predation was documeng&tdtistical analyses
confirmed that there were highly significant difeces between hatching
success in the different sand bunkers indicatirg garticular bunkers are
important to nesting diamondback females and thatespotential nesting
sites are more valuable than others and therefave breater conservation

significance.

Introduction

Diamondback terrapins are small to medium sized dégnyurtles whose

native range in the U.S.A. is limited to brackisbastal waters of the
Atlantic Ocean and the Gulf of Mexico between tteges of Massachusetts
and Texas. Seven sub-species of diamondback terrap currently

recognized, and have been divided into northernsmdhern populations
with Merritt Island on the east coast of Florid@ypding a break between
the two (Butler et al., 2006; Ernst and Lovich, 2D breeding population

is also found on Bermuda; (Davenport et al., 20083, is considered native
(Parham et al., 2008).
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Nesting ecology in North America shows variabilityoughout the
terrapin range. Diamondback terrapins in Floridarmfo breeding
aggregations in March and April which are soondetd by a period of
courtship and mating (Seigel, 1980). The nestingsge in the southern
populations typically takes place between April dndly in Florida (Seigel,
1980; Butler et al., 2004), but can occur as |at&aptember in Louisiana
(Burns and Williams, 1972). However, in the extren@thern range the
season is short in duration and restricted to Jumé July (Burger and
Montevecchi, 1975; Lazell and Auger, 1981; Goodvilii94; Jeyasuria et
al., 1994; Feinberg and Burke, 2003). Sand is théepred nesting medium,
as it allows for sufficient gas exchange to occetween the developing
embryo and the environment (Roosenburg, 1994).apers throughout the
U.S.A. are reported to nest on sand dunes, beamidsalong the sandy
margins of marshes and islands (Burger and Montéwed975; Burger,
1977; Seigel, 1980; Roosenburg, 1994). Diurnalingstppears to be the
standard for most terrapin populations (Burger &mahtevecchi, 1975;
Seigel, 1980; Goodwin, 1994), although nocturnakting has been
documented in some populations (Auger and Giova@not979;
Roosenburg, 1992). Clutch size ranges from 4-22 ¢Bgtler et al., 2006),
with females in the northern part of the range hgwreater mean clutch
sizes and comparatively smaller eggs than femalethe southern part
(Allman et al., 2012).

Diamondback terrapins, like many other reptiles, hilex
temperature-dependent sex determination (TSD) valyehes temperature of
the sand affects the sex of the developing embr@uler incubation
temperatures are known to produce male hatchlingsaarmer incubation
temperatures produce female hatchlings (Jeyasudh, 4994; Roosenburg
and Kelley, 1996; Wood and Herlands, 1997).

The incubation and emergence period also variesdagt regions.
Incubation can last from 50-120 days (Burger, 19&¥asuria et al., 1994;
Butler et al., 2004)and hatching occurs from July - October (Burgei 79
Roosenburg, 1991; Butler et al., 2004). Hatchlingay depart the nest
within hours of hatching (Roosenburg and Kelley9@Q or they may spend

months over-wintering in the nest chamber and eenéngthe following
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spring (Lazell and Auger, 1981; Roosenburg andd{el1996; Baker et al.,

2006). Hatching success of wild nests has beenrtegpto range from 1-

84% (Burger, 1977; Roosenburg, 1992; Goodwin, 198i&kt depredation,

especially from small mammals, has been identifigsd major determinant
of hatching success in North Ameri¢see reviews in Butler et al., 2006;
Ernst and Lovich, 2009).

Bermuda’s diamondback terrapins appear to be thlg wd
breeding population outside the North American eamgnecdotal evidence
suggests that this species has been nesting foy yesrs in a number of
sand bunkers on a private golf course (Davenposl.et2005), however
guantitative assessments of nesting activity innBRefa have been lacking
for this species. Knowledge of the reproductivepatiis needed in order to
perform population modelling and was deemed esdegtven the low
number of females in the Bermuda population (seap@in 3). The present
investigation had the following objectives: (1)determine the frequency of
sand bunker nesting in Bermuda, (2) to determiealtiration of the nesting
season, (3) to describe clutch size, egg morpholagg hatchling
biometrics, (4) to establish the incubation and ryeece periods and (5) to
report hatching success rates for the Bermudapierpopulation.

Methods

Study site

The entire known Bermuda population of diamondbterkapins is found

only in four brackish water ponds named Mangrovéel.aSouth Pond,

North Pond, and Trott's Pond (Fig. 5.1). All aredted on a private golf
course and all are separated by, at most, 380 raraf (straight-line

distance between North Pond and Trott's Pond. RefeChapter 2 for a
more comprehensive description of the ponds andcaded wetlands. A

number of sand bunkers are also located at theT$ity vary in size and all
are un-shaded as they lack fringing vegetation. 3déwed bunkers found
closest to the ponds inhabited by diamondbackparsaare located between
the fifth and eleventh holes. The fifth hole hasrfsand bunkers situated

around the putting green, two of which are in velgse proximity to
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Mangrove Lake. The sixth and seventh holes haweetlsand bunkers on
each, between which lies South Pond. The eighth ®located between
South Pond and North Pond and has nine sand busgesad across the
fairway and surrounding the putting green. The mihble has a total of
seven sand bunkers upon it, of which two are iselproximity to North
Pond and the tenth hole has three bunkers adjdcetfie putting green.
Finally, the eleventh hole has four sand bunkersosading the putting
green, all of which are adjacent to Trott’s Ponedclt of the sand bunkers
mentioned above were assigned alphanumeric nosafieigs. A5.1 - A5.8,

Appendix 5).
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© Bermuda Ministry of Environment, Planning andrastructure
Figure 5.1.(Top) aerial photograph of Bermuda showing thafion of the
four diamondback terrapin ponds. (Bottom) aeriabtpgraph from 2003
showing the four diamondback terrapin ponds sitliate the Mid Ocean
golf course (A=Mangrove Lake, B=Trott's Pond, C=8o&ond, D=North
Pond) and the generalized locations of the san#éidsarassociated with the

fifth through eleventh holes (red boxes numberdd b-
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Surveys

A pilot study was performed in 2009, during whitle tsand bunkers on the
fifth, sixth, and seventh holes were haphazardbited during daylight
hours in May and June and examined for evidencéewhpin use that
indicated recent oviposition (e.g. tracks in thedsand/or areas of disturbed
sand patterns). The survey effort was increase20itD and 2011 so that
daily nesting surveys between the hours of 06:00 24t00 hours were
performed in all sand bunkers between the fifth adventh holes
beginning in February and continuing until Octodaring both years. The
nesting survey effort was reduced to a once wesg&hedule between the
months of November and January. Nesting events aks@ reported by
residents in the study area, golfers, and staff beemof the Mid Ocean
Club course maintenance department. The numbeercdpin tracks (or
crawls), number of excavated but un-used nests daloed by female
terrapins prior to oviposition, and the number of@red (e.g. used) nests
(see Figs. A5.10 - A5.12, Appendix 5) were recordadng the 2010 and
2011 surveys. All signs of terrapin usage in thekeus were raked away to
prevent inclusion in subsequent surveys. Nesting wanfirmed via
discovery of terrapin eggs. For nests discoverdd ion2010, the depth of
sand covering the top egg in each clutch was rechrafter which the eggs
were gently removed (taking care not to rotateethgs during excavation),
measured, weighed and counted. Maximum length adthwas measured
in millimetres using vernier calipers. Values weoeinded to the nearest 1
mm. Mass was recorded in grams and obtained byngl@ach egg inside a
plastic bag which was then hung from a 10 g spsegle with 1 g
increments. The total mass of each egg was cagcllay subtracting the
mass of the empty bag from the total mass of thg &ad egg. The
maximum depth and maximum width of each nest chanwes also
recorded prior to returning the eggs to their respe chambers. Nests
discovered in 2009 and 2011 were not excavated dEmovery; however,
25 eggs were removed from 15 terrapin nests randohdsen in June and
July 2011 and preserved for various laboratory yees. Nest locations
within each bunker were recorded and marked withagésed metal stakes

and blue surveyors tape (Fig. A5.13, Appendix 3)e Temperature in ten
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haphazardly chosen nests (five in 2010 and fi\20ihl) was recorded every
hour throughout the incubation period (IP) and tthiermo-sensitive period
(TSP) using digital HOBO Pendant data loggers (rh&dgA-002-08 from
Onset Computer Corporation). These loggers meaderagerature to the
nearest 0.001 but the reported values were routawléite nearest 0.1. The
incubation period was defined as the elapsed tietvden the date of
oviposition and first observed hatching. The theweasitive period was
defined as the period of embryonic development ndunivhich gonadal
differentiation is most affected by temperaturee TFSP for diamondback
terrapins has been identified as occurring in theldla third of the
incubation period (Roosenburg, 1994). Data loggense buried in the sand
immediately adjacent to each clutch of eggs ancwetrieved at the time
of nest excavation. The temperatures recorded legethdevices were
assumed to be similar to those that occurred witennests. The effects of
metabolic heating were assumed to be minimal, gihenrelatively small
clutch size for this species in Bermuda.

Hatching and emergence were studied in 2010 to tijuathe
incubation and post-hatching nest residency peridtigs was determined
by carefully scraping away the sand 50 days aftgrasition, exposing the
top egg and checking for signs of hatching (e.@tst®r breaches in the egg
shell). This was repeated daily until hatching whserved, at which point a
0.5 m diameter circular cage was placed on top@hest site (Fig A5.14 in
Appendix 5). The cages were checked daily for ttesgnce of hatchlings.
The emergence period was defined as the numbeaysf lobetween the first
observed hatching event and hatchling emergence.

All marked nests were excavated in March 2011. fitmbers of
live and dead terrapin hatchlings encountered éendiamber of each nest
were counted, as were the number of egg shellsctraprise>50% of the
egg size and the number of whole (un-hatched) egps. latter were
dissected and examined for terrapin remains (@xged and scute material)
in order to determine if embryos were present. kiatr success was
defined as the percentage of eggs that hatchedaéh elutch. Annual
hatching success (e.g. sum total for the year ramd) as well as individual

nest hatching success was calculated.
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In an effort to minimise disturbance to developieggs, the
incubation surveys were not performed on the nestmted in 2011.
Hatchling emergence was examined by using the Ocages, which were
placed upon nest sites 50 days after ovipositioh decurred and were
monitored daily between June and November 2011N&vember 38 all
of the nests were excavated and the contents redas described earlier.
Live hatchlings encountered in the nest chambeevassumed to be over-
wintering.

All hatchling terrapins encountered during the 2049d 2011
nesting surveys were measured, weighed, and exdnamegeneral health
and physical anomalies (e.g. missing or extra sgufEhree straight-line
body measurements were taken using vernier califiewing Bolten
(1999); minimum straight carapace length (SCL)aigtit carapace width
(SCW), and straight plastron length (SPL). SCL waesasured from the
anterior edge of the nuchal scute to the postedge of the shell between
the supracaudal scutes along the mid-line. SCWmeessured at the widest
point across the carapace and SPL was measureagltalmidline from the
anterior edge of the gular scutes and the postedge of the anal scutes.
Care was taken not to distort the shape of thel,stieice the shells of
hatchlings were flexible. All measurements wereorded to the nearest 0.1
mm. Discrepancies caused by differences in measurenestinique
between observers were eliminated by having eachpie measured by the
same researcher (M.OBody mass was measured to the nearest gram using
a 10 g spring scale. Each hatchling was securedgepl within a small
plastic bag in order to reduce trauma and pernutiiate weighing. Total
mass was calculated by subtracting the mass ddrtipgy bag from the total
mass of the bag and hatchling.

Nesting area was determined by measuring the mamistuaight-
line length and width for each sand bunker situdtetiveen the fifth and

eleventh holes. Nest density was reported as thauof nests i
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Results

Nesting season and frequency

In 2010, the nesting season was observed to oetwebn March 2% and
August 11" (n=142 days). The nesting season in 2011 was \céxbeo
occur between April #6and August 28 (n=133 days). Thus, the duration
of the nesting season for diamondback terrapirBeirmuda is four to five
months. A total of 57 terrapin nests were discodane2010 and 72 nests
were discovered in 2011. May was identified aspgbak nesting month in
2010 during which a total of 21 nests were discedgmwhereas nesting
activity peaked in June in 2011 during which 25ta&gere discovered (Fig.
5.2). No evidence of nesting activity was obseretiveen September and

February during either year.

|——2010 - ® -2011

No. of nests

Month

Figure 5.2. Observed nesting frequency for Bermuda's diamockiba
terrapins in 2010 (solid line) and 2011 (dashed)lin

Nesting locations, densities and observations
The pilot nesting surveys during the months of Mayd June in 2009
resulted in a total of ten terrapin nests beingalisred in the bunkers on

the fifth, sixth, and seventh holes of the Mid Qtegalf course.
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Of the 57 terrapin nests discovered in 2010, 562088 were in sand
bunkers on the fifth, sixth, seventh, eighth, atelenth holes of the Mid
Ocean golf course and one nest was discoveredsoit @mbankment in the
NE corner of Mangrove Lake. The majority of thessta (n=27 or 47.4%
of the total) were discovered in the sand bunkershe seventh hole (Fig.
A5.16 in Appendix 5). Seventeen nests (29.8%) wi&seovered in the sand
bunkers on the fifth hole (Fig. A5.17 in Appendixdnd ten nests (17.5%)
were discovered in the sand bunkers on the sixile (Big. A5.16 in
Appendix 5). The eighth and eleventh holes had omlg nest each (Figs.
A5.18 and A5.19 in Appendix 5). The majority of thests (53.6%) were
found at various locations within the sand bunké®yever 46.4% were
located around the margins. Furthermore, an additigeven nests were
encountered that had been fully excavated by fertei@pins but then
abandoned before oviposition had occurred.

Of the 72 terrapin nests discovered in 2011, 702087 were in the
sand bunkers on the fifth, sixth, and seventh hafestwo were discovered
in the vicinity of the seventh hole; one upon a smmbankment and one
beside a paved cart path. The majority of the n@st34 nests or 47.2% of
the total) were discovered on the fifth hole bunfggg. A5.20 in Appendix
5). Twenty seven nests (37.5%) were discoveretiérsaind bunkers on the
seventh hole and nine nests (12.5%) were discovergt sand bunkers on
the sixth hole (Fig. A5.21 in Appendix 5). The mijpof the nests (63.9%)
were found at various locations within the sandkeus; but 36.1% were
located around the margins. An additional five se@sére encountered that
had been fully excavated by female terrapins aneh tsubsequently
abandoned, including three which contained no eggd two which
contained one to three eggs.

A number of residents, golf course maintenance staimbers and
golfers reported observing female diamondback pémsa nesting or
attempting to nest in 2010 and 2011. These sightmerurred primarily
between the fifth and eleventh holes of the Mid &cgolf course but also
on private lands surrounding Mangrove Lake (Fig.225n Appendix 5).

Thirty three sand bunkers are situated betweefiftheand eleventh

holes on the Mid Ocean golf course and each vamistze and proximity to
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the nearest pond. Table A5.1 in Appendix 5 sumraearise dimensions, the
number of nests discovered and the nesting demsigach sand bunker.
Individual bunker areas ranged from 12.3-181%(mean 56.8 /) and the
minimum straight-line distance to the nearest poambed from 5-207 m
(mean 71.7 m). The total sand bunker area betweefiifth and eleventh
holes available to nesting female diamondback pérsawas calculated to
be 1873.6 M(0.19 ha). Mean annual nest density was estintated 0.035
nests rif (347 nests h9 in 2010 and 0.044 nests {443 nests h3 in
2011. The highest nesting density over the two y&ady period was
recorded in bunker 7A (2011) which contained 0.2@8sts rif
(approximately 2784 nests Ha

Seventeen nesting events were observed over theyéao period,
and all but one occurred during day-time hours. Hiegle observed
nocturnal nesting episode occurred at 21:10 (Aud@ti2011). Mid Ocean
golf course maintenance staff reported eight ngsirents; golfers reported
four and the author witnessed five - of which twergs observed in their
entirety. The first occurred on June"22010 at 09:45, during which the
female terrapin was observed spending 40 minutssnge eleven minutes
were spent excavating with her hind legs, ten neimuere spent lying
motionless (presumably depositing eggs), and 1umiwere spent re-
covering the nest with her hind legs. Excavatiorthef nest revealed the
presence of four eggs. The second nesting eventreccon May 28 2011
at 16:00 on the north facing slope of the sevemtle t South Pond. The
female was observed emerging from the pond and tgexrhing the nesting
location spent 37 minutes nesting, which includ8dn#nutes excavating,
five minutes depositing eggs, and four minutes aeedng the nest.

Excavation of the nest revealed the presence bf emggs.

Nest chamber dimensions, clutch size and egg morphetrics

Nest chamber dimensions were recorded for 44 reestavated in 2010.
Maximum depth ranged from 11-16 cm (mean 13.7 c;1S}l) and width
ranged from 5-9 cm (mean 6.6 cm; SD 0.9). The deptsand to the top
eggs ranged from 7-13 cm (mean 9.6 cm; SD 1.6).
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A total of 50 eggs were found within the ten neditscovered in
2009. Mean clutch size for these nests was 5.@yédr9 eggs nest SD
2.5). In 2010, 268 eggs were recorded from the éstsn Mean clutch size
was calculated to be 4.7 (range 0-10 eggs'n&fd 2.6). In 2011, 397 eggs
were recorded from 72 nests, giving a mean clutthaf 5.5 eggs (range O-
10 eggs nedst SD 2.3). It is noteworthy to mention that two tses
encountered in 2010 and one nest encountered ih @@d1lnot contain any
eggs, despite the fact that the females responfgibkieir construction had
gone through the entire process of excavating dne snd then re-covering
the chambers.

A total of 174 eggs were measured and weighed fB3mnests
excavated in 2010. All egg morphometric data wessted for normality.
Data for egg length and egg mass were non-normraléfson-Darling tests;
length p=0.001 and mass p<0.0005). Data for egghwicere normally-
distributed (Anderson-Darling test; width p=0.099Ylaximum length
ranged from 30.4-46.5 mm (median 35.7 mm; SD 2.Q;mmaximum width
ranged from 18.7-25.5 mm (mean 21.8 mm; SD 1.3 mma)gs ranged from
7-16 g (median 11.0 g; SD 1.5 g). Because someselatavere non-normal,
non-parametric statistical tests were required skencomparisons of egg
length between different nests. A Kruskal-Wallisstteshowed highly
significant differences amongst the median eggttefgund for individual
nests (H=141.06; DF=42; p<0.0005).
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Figure 5.3. Geographic comparison of clutch size and egg veluor
diamondback terrapins from Bermuda (this study) tedU.S.A (Allman et
al., 2012). BDA=Bermuda, SC=South Carolina, MD=Mand, RI=Rhode

Island. Note: egg volume was calculated using thgseid formula

[volume = @/6)(length)(widtH)] following Allman et al., 2012).

Incubation and emergence periods

The incubation period for Bermuda’s diamondbackatgins ranged from
49-83 days (mean 61.8 days; SD 10.5; n=26). Hagchias first observed
on July 9" 2010 and last observed on Septemb&2D40. The first terrapin
hatchling to emerge from its nest was observeduby 20" 2010 and the
last to emerge was observed on March 2011, giving a range of 1-219
days (mean 83.6 days; SD 79.1; n=33). The frequeheynergence varied
during the study period. Two distinct emergenceegpas were documented;
July-October 2010 and January-March 2011. The esnesyperiod of the
former ranged from 1-73 days (mean 31.4 days; SIB;22-22) and the
latter ranged from 140-219 days (mean 188.1 dais;38.6; n=11). No
hatchling emergence was observed in November-Deee@®10 or April-
June 2011.
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Hatchling emergence was also observed to occurdestwuly and
October 2011, and live terrapin hatchlings werealrered in nest chambers

during the excavations on Novembef"2D11.

Hatching success

Table 5.1 summarises the clutch data for all nestsitored from 2009-

2011. The overall mean hatching success rate ®rl86 nests observed
during this three year period was 19%. The 2006t @tudy revealed a
hatching success rate of only 18%. Of the eggsdiganot hatch, 35 (70%)
appeared to show no evidence of embryonic developraed six (12%)

contained dead embryonic material (Table A5.2 ipégdix 5).

Table A5.3 in Appendix 5 summarises the clutidta for the 57
nests monitored in 2010. Excavation of these nestsaled that 165 eggs
(61.6%) appeared to show no visible evidence ofrgamtic development,
33 (12.3%) contained dead embryonic material, @nd (8.4%) contained
fully formed dead hatchlings - many of which had namged to break
through the shell, but all failed to successfulipezge from their nest
chambers. Individual hatching success for eacttleluaried from 0—-100%
but the mean rate was 21%. Twenty six nests (45@#&guced at least one
hatchling, however 31 (54.4%) did not produce argtchlings (i.e.
experienced total failure). A total of 61 terragiatchlings successfully
emerged from the monitored nests during this peffdeg number that was
observed to emerge between July and October 20$083®452.5% of the
total), while 14 hatchlings (23%) were observed img between January
and March 2011. Fifteen hatchlings (24.6%) depattted nests during un-
observed periods.

Table A5.4 in Appendix 5 summarises the cluttdta for the 72
nests monitored in 2011. The locations of thregsnesntaining 16 eggs
were lost when the metal stakes marking their mrstwithin the sand
bunkers were removed by unknown people, and artiadal 25 eggs were
deliberately removed from 15 nests for toxicologi@aalyses (see Chapter
7) and viability analyses (separate investigatidmus, the total number of
eggs monitored in 2011 was 356 from 69 nests. Upmavation, 277 eggs

(77.8%) appeared to show no visible evidence ofrgartic development,
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six (1.7%) contained dead embryonic material, aime 12.5%) contained
fully formed dead hatchlings. Individual clutch tlaing successes varied
from 0-100% but the mean rate for the 2011 nest@ason was 17.6%; 21
nests (30.4%) produced at least one hatchling, hewel8 (69.6%)
experienced total failure. A total of 64 hatchlingsnerged from the
monitored nests; 36 between July and October, &dié&te excavated in
November.

It is noteworthy to mention that no nest depredatias observed
between 2009 and 2011.
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Table 5.1. Summary of clutch data for nests monitored from2Q011.

No. eggs No. of No. emerged| No. dead hatchlings No. un-hatched No. eggs with no Mea_n
Year . . . hatching

monitored clutches hatchlings in chamber embryos embryo SUCCESS
2009 50 10 9 0 6 35 18.0 %
2010 268 57 61 9 33 165 21.09
2011 356 69 64 9 6 277 17.6 9




Relationship between sand bunkers, nesting frequepgcincubation and
hatching success.

To identify whether particular nesting bunkers weatere important than
others in terms of nesting and success of nestghefu statistical
investigations were carried out. From Table 5i8 @vident that some of the
eleven bunkers featured more nests than othersngpection, it appears
that bunkers 5D, 6B, 7A, 7B and 7C were especiallyortant in terms of
nest numbers. A replicated G test for goodnesg @¥tDonald, 2009) was
employed against the extrinsic hypothesis that rerslbf nests would be
distributed evenly (1:1:1:1 etc.) amongst bunkergach of the two years
and in the pooled data. For 2010, G= 53.2 (d.f.k®.0001), for 2011 G=
83.5 (d.f.=10, p<0.0001), for the pooled data G5.82d.f.=10, p<0.0001).
A heterogeneity G values for the pooled data irtditahat there were no
significant differences in ratio of nesting freques between years
(G=10.96, d.f.=10, p=0.360). These analyses coefirnthat there were
highly significant differences between hatchingcass in different bunkers,
but that, the ratios recorded in 2010 were sintitathose found in 2011.
This strongly indicates that particular bunkers amportant to nesting
diamondback females.

From Table 5.3 it can be seen that the number efged hatchlings
also differed amongst bunkers, with bunkers 5A, 6B, 7A and 7B being
especially important. Replicated G tests were againfiormed, yielding the
following results: 2010: G=97.60 (d.f.=10, p<0.0p0P011l: G=85.14
(d.f.=10, p<0.0001); Pooled G= 160.61 (df=10, p€0D); Heterogeneity
G= 22.14 (d.f. =10, p=0.014). Therefore, years 2840 2011 both do not
follow a 1:1:1:1 etc. ratio for number of emergeddhlings from the eleven
bunkers (some bunkers showing more emerged hagshiivan others), but
the two years individually have significantly difémt ratios from each
other. By inspection there appeared to be a clagembetween the bunkers
that yielded the majority of emerged hatchlings #muke that featured the
most nests.

The numbers of un-emerged hatchlings showed a aimihttern:
2010: G=43.73 (d.f.=10, p<0.0001); 2011: G=21.14.4d0, p<0.0001);
Pooled G= 51.1 (df=10, p<0.0001); Heterogeneity G376 (d.f. =10,
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p=0.183). However, the ratios showed no significdiffierences between
2010 and 2011. Bunkers that produced high numifezmerged hatchlings
also resulted in high numbers of un-emerged haighli

Table 5.4 shows the number of eggs that showed igiw &f
embryonic development recorded from each bunker. 2040: G=171.1
(d.f.=10, p<0.0001); 2011: G=402.6 (d.f.=10, p<@DP Pooled G= 532.8
(df=10, p<0.0001); Heterogeneity G= 40.85 (d.f. =p&0.183). Hence,
neither of years 2010 and 2011 followed a 1:1:1 ettio for numbers of
eggs lacking an embryo from the eleven bunkersgome bunkers showed
more of such eggs than others) and the two yedrgidally did not differ
significantly in their ratios.

Finally, Spearman’s Rank analysis (using PAST saifé) was
conducted to further investigate the interrelatiops between bunker,
number of nests, number of emerged hatchlings, eurob non-emerged
hatchlings and numbers of eggs with no sign of gotic development. It
can be seen that, in all comparisons, the simylamitanking between pairs

of data is high and statistically significant (Tesl.5).
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Table 5.2. Nesting frequencies in the different golf coursenkers
(2010-2011).

Bunker ID 2010 2011 Pooled
5A 2 3 5
5C 1 0 1
5D 13 21 34
6A 1 0 1
6B 9 8 17
6C 0 1 1
TA 13 12 25
7B 8 4 12
7C 5 3 8
8H 1 0 1
11A 1 0 1

Total 54 52 106

Table 5.3. Frequencies of emerged hatchlings in the diffegait course
bunkers (2010-2011).

Bunker ID 2010 2011 Pooled
5A 3 7 10
5C 0 0 0
5D 8 12 20
6A 0 0 0
6B 12 16 28
6C 0 1 1
7A 25 10 35
7B 9 1 10
7C 1 0 1
8H 0 0 0
11A 3 0 3

Total 61 47 108
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Table 5.4. Frequencies of eggs without embryos in nests laidliferent
golf course bunkers (2010-11).

Bunker ID 2010 2011 Pooled
5A 3 3 6
5C 1 0 1
5D 34 89 123
6A 9 0 9
6B 34 29 63
6C 0 0 0
7A 30 58 88
7B 22 15 37
7C 17 20 37
8H 0 0 0
11A 1 0 1

Total 151 214 365

Table 5.5.Results of Spearman’s Rank analysis of bunker (2240
and 2011 pooled). d.f. = 10 in each case.

Comparisons Spearman’s Rank p
No. nests vs.
) 0.860 0.003
No. emerged hatchlings
No. nests vs.
. 0.860 0.001
No. non-emerged hatchlings
No. nests vs.
No. egg with no embryonic 0.953 <0.001
development
No. emerged hatchlings vs.
0.654 0.044

No. non-emerged hatchlings
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Nest temperatures

Table 5.6 summarises the range and mean tempeyaifithe ten terrapin
nests monitored throughout their respective indobhaand thermo-sensitive
periods in 2010 and 2011. Figs. A5.23 - A5.32 inpApdix 5 show the
temperatures at a depth of 10 cm for each of thenitored nests.
Temperature showed great variability. Nests creatatier in the nesting
season (e.g. in April and May) had lower mean d&lyperatures than
those created later in the nesting season (e.g. audl August). Daily
temperatures during the incubation period rangedfi16.1-40.5°C, but
averaged 25.4-31.6°C, while the daily temperatdreing the TSP ranged
from 17.2-40.5°C and averaged 24.6-30.7°C. All ewgmeed lethal
temperatures (e.g35°C) during the incubation period; however eight o
the monitored nests experienced these temperatioresat least five
consecutive days and sometimes for as long asret®esecutive days. The
individual hatching success rates for the ten nooed nests ranged from 0-
100%.
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Table 5.6. Temperatures (with ranges and means) and hatcuogess of ten diamondback terrapin nests moditore2010 and 2011.

IP=Incubation Period; TSP=Thermo-sensitive Period.

Nest | Incubation IP temperature (°C)| TSP temperature (°C) Hatching
ID date range (mean) range (mean) success
7A1 April 18 — July 9, 2010 16.2 — 39.8 (27.4) 17#.96.8 (27.0) 75%
5D1 April 19 — June 20, 2010 16.1-35.2 (25.4 21732.3 (24.6) 0%
11A1 | June 22 — Aug 19, 2010| 23.9-38.2(29.9 238.9 (30.7) 75%
7C4 July 9 — Aug 30, 2010 26.0 —40.5 (31.6 26405 (30.5) 0%
7B8 July 13 — Sept 5, 2010 25.8 — 37.3 (30.5 2538.3 (30.0) 25%
5D5 April 29 — June 30, 2011 17.4 —38.8 (26.7 61934.8 (26.7) 57%
6B4 May 5 — July 6, 2011 17.4 — 36.7 (26.4) 1938-3 (26.1) 100%
7B4 May 16 — July 17, 2011 22.4 —37.7 (28.0 22H1.9 (27.1) 0%
5D9 May 31 — Aug 1, 2011 20.4 — 38.9 (28.8) 2238-9 (30.7) 0%
5D14 | June 18 — Aug 19, 2011| 23.4 —38.0 (29.6) 282.7 (28.8) 0%




Hatchling biometrics

Table 5.7 summarises the biometric data for 106ndradback terrapin
hatchlings measured during the 2010 and 2011 mestmveys. All data
(lengths and masses) were normally distributed ékswh Darling test;
p>0.05) Straight carapace length (SCL) from 25.87-6 mm (mean 31.9
mm; SD 2.4 mm), straight carapace width (SCW) rdnigem 22.9 — 32.4
mm (mean 27.8 mm; SD 2.0 mm), straight plastromtler(SPL) ranged
from 20.7 — 30.9 mm (mean 26.3 mm; SD 1.9 mm),raads ranged from 4
— 10 g (mean 7.5 g; SD 1.4 g). One-way ANOVA showed there was no
significant difference between SCL values measure@010 and 2011
(p=0.849). Reduced major axis regression of haighthass upon SCL

revealed the following statistically significantagonship:
Log mass = 2.72 log SCL — 3.21 (n=10%0.70, p<0.0001)

The 95% confidence limits for the slope of the esgion (2.44, 3.01)
include three, so the relationship between bodysnaasl SCL is isometric.
Relationships between SCL, SCW and SPL were athétoc too. SCL did
not differ between hatchlings collected in 2010 a2@ll (One-way
ANOVA; p =0.849). In addition, 54 hatchlings (50.9%howed scute
anomalies. The most common anomalies were extiabrat scutes (33%
frequency of occurrence), extra costal scutes @1.frequency of
occurrence), and extra marginal scutes (25.5% &eqy of occurrence).

Only two individuals were encountered that had mgsnarginal scutes.
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Figure 5.4. Geographic comparison of straight carapace le(g@L) and
mass for diamondback terrapin hatchlings from Betan(this study) and
the U.S.A (Burger, 1977; Seigel, 1980; Lovich et 4B91). FL=Florida,
SC=South Carolina, BDA=Bermuda, NJ=New Jersey.
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Table 5.7. Biometric data summary for 106 diamondback terrapi
hatchlings encountered during the 2010 and 2011ltingessurveys.
Abbreviations are as follows: SCL = straight camgpdength; SCW =
straight carapace width; SPL = straight plastromftie.

2010 (n=48) 2011 (n=58)

SCL | SCW | SPL | Mass| SCL | SCW | SPL | Mass
(mm) | (mm) | (mm) | (g) | (mm) | (mm) | (mm) | ()

Range:| 26.8- | 22.9- | 20.7- | 5-10 | 25.0-| 23.0- | 22.0- | 4-10
376 | 324 | 30.9 37.0 | 32.0 | 30.6

Mean:| 31.9 27.8 26.1 7.7 31.8 278 26.4 1.4

SD: 2.5 2.0 2.1 14 2.3 2.0 1.8 1.4

Discussion

Nesting season, frequency, location and density

Diamondback terrapins in Bermuda have a nestingoseél33-142 days)
that is significantly longer in duration than thossported from different
populations across the North American range, whinly from 34-44 days
in New Jersey (Burger, 1977) to 56-71 days in Mamgl (Roosenburg,
1991) and ca. 78 days in NE Florida (Butler, 2000). The climate
Bermuda is unusually warm for its latitude (32°N)nce heated water
transported north in the Gulf Stream has createdréherly extension of
sub-tropical systems (Thomas and Logan, 1992).uRrably it is the sub-
tropical climate in Bermuda that allows for the eh®d protracted terrapin
nesting season.

The current investigation revealed a low monthlyamenesting
frequency during the five month nesting period. sTHiowever, is to be
expected given that only 32 female diamondbaclapens are believed to
be sexually mature within the Bermuda populatiae. (individuals with
plastron lengthg138 mm total length) (see Chapter 3). It is likédgt nests

were missed during the daily surveys, thus the ramndb nests reported
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represent conservative figures. It appears thativichdal female

diamondback terrapins in Bermuda can lay at lea8t213 clutches
annually; an observation consistent with others enfadm various regions
throughout the U.S.A. (Auger and Giovannone, 1%nberg and Burke,
2003). Three clutches of oviposited eggs have begorted from individual
female terrapins on the Atlantic coast of Floridgei@el, 1980) and in
Chesapeake Bay (Roosenburg and Dunham, 1997).

The single observation of a female terrapin nedtingng the night
represents the first confirmed instance of nocturresting in Bermuda;
however, the local population appears to be comgri@imarily of diurnal
nesters.

Diamondback terrapins in Bermuda appear to primarsie the sand
bunkers on the Mid Ocean golf course for nestingwdver a limited
amount occurs in other locations as well. The fashfirmed report of
diamondback terrapins nesting in sand bunkers oedun the mid 1990s
(Davenport et al., 2005), however terrapin nespngr to this period is
unknown. Diamondback terrapins were not recorded16f and 28
century herpetological fauna lists (Jones, 185%nm@a, 1884; Heilprin,
1889; Hurdis, 1897; Verrill et al., 1903), despieing present for at least
400 years (Parham et al., 2008). Detailed mapsighdal between the late
18" and early 28 centuries show that the area currently inhabitgd b
terrapins comprised at least eight brackish watdedp (including Mangrove
Lake, Trott's Pond, South Pond and North Pond) rampersed with
mangrove swamps and peat marshes. Furthermore, th@ss show a one
kilometre long beach on the coastline approximal€l m to the south of
Mangrove Lake and Trott's Pond. Assuming that diadi@ck terrapins
have inhabited these wetlands since their arrvdérmuda, it is probable
that this beach served as a natural nesting grodogvever, extensive
habitat modification - particularly during the 2@entury (see Sterrer and
Wingate, 1981 for review) - has greatly affectedrrBada’s natural
landscape, including the wetlands inhabited by diagvack terrapins.
Diamondback terrapins have been described as appstd that find
appropriate nesting areas throughout their North eAtan range

(Roosenburg, 1994), thus it is likely that the Bedian terrapins started
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using the sand bunkers (created in the 1920s) ditiad to nesting on the
coastal beach. As development in this localitycgif940s) increased over
time, various obstacles (e.g. stone walls and fenaeds and buildings)
would have prevented female terrapins from easibesasing the beach, and
may explain why they now heavily use the sand biskes a surrogate
nesting environment.

Estimated nesting densities in the U.S.A. rangmf.52 nests fa
1125 nests ha(see review in Roosenburg, 1994). The mean anmest
density calculated in 2010 and 2011 for Bermuda@pupation of
diamondback terrapins fits within the range repbritem North America;
however nesting was found to be highly localizedlyCeleven of the 33
sand bunkers (33%) situated between the fifth dadeath holes on the
Mid Ocean golf course were used by female terrafungesting during the
two year survey period. Nest density in the mostvitg used bunkers (i.e.
those closest to Mangrove Lake and South Pond)rgiynexceeded the
North American upper range limit, and in one inseamore than doubled it.

One of the consequences of nesting in the sandebpsink that it
greatly increases the chances of disturbance cabgednthropogenic
activities. Golfers frequently enter the sand buskguring the course of
play and staff from the golf course maintenanceadepent routinely use
tools to manually trim the verges of the bunkersorder to prevent the
incursion of grass. Some of these tools are capdhdenetrating 15 cm into
the sand. Furthermore, sand bunkers are perioglieatlavated using heavy
machinery. These activities can negatively impasting females as well as
the resident eggs and hatchlings, especially dileenest depth was fairly
shallow (mean 13.7 cm). A relatively high propontiof the nests monitored
between 2010 and 2011 (36-46%) were located albagntargins of the
sand bunkers and a high number of terrapin haglifup toca. 44%)

remained in their natal nests for long periodsroét
Nest chamber dimensions, clutch size and egg morphetrics

The results of the present investigation show tfiatmondback terrapin

nests in Bermuda are slightly shallower and hass $&and covering the top-
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most eggs than do nests and clutches reported tineniJ.S.A. (Burger,
1977; Roosenburg, 1992; Butler, 2000).

The mean clutch size from the Bermuda populatierb)roccurs at
the lower end of the range reported from the U.Swtere clutch size
varies from 4-22 eggs, and the egg morphometrics Befmuda’'s
diamondback terrapins also falls within the meag dignensions reported
from the U.S.A. (see reviews in Butler et al., 2008 latitudinal gradient
exists for egg and clutch size in North America, evdby female
diamondback terrapins from the northern part of trenge have
comparatively smaller eggs but greater mean claizés than do females
from the southern part of the range (Seigel, 198nan et al., 2012). The
results of the current investigation show that theean egg size
measurements and clutch size of Bermuda’s terrapore closely matches
those reported for South Carolina’s diamondbackapens than they do
those reported from the northern range (e.g. Rhskded and Maryland)
(Allman et al., 2012) (see Fig.5.4). This lends iaddal support for the
Carolina diamondback terrapiMélaclemys terrapin centrata) designation
of Bermuda'’s population (see Parham et al., 2008).

The entire nesting process has been reported tairoat
approximately 20 minutes (Burger, 1977; Roosenbd@Q1; Goodwin,
1994), but can last as long as two hours (Roosegntdi®94), and this also
appears to be true for female diamondback terrapiBermuda.

The three fully constructed nests which containedeggs were
interpreted to be false nesting events. Falsengekis been documented in
some diamondback terrapin populations in Massadtsused Maryland,
U.S.A. (Auger and Giovannone, 1979; Roosenburg4)199

Annual reproductive output depends upon the nunaberiutches
produced each season. If every sexually matureléetagapin in Bermuda
(n=32) participates in annual nesting (mean clgizk of five eggs, nesting
frequency x3 each year), then the average annoduption of hatchlings
in Bermuda is estimated to be not more than 9lviddals (assuming an

annual hatching success rate of 19%).

217



Incubation and emergence periods

The incubation period for Bermuda’s diamondbackaigns is typical for
those reported in the U.S.A., which varies from120- days (Burger, 1977;
Jeyasuria et al., 1994; Butler et al., 2004). InwNé&ersey, the mean
incubation period was 76.2 days (Burger, 1977) Jevtg@rrapins on the east
Florida coast had a mean incubation period of @&&ags (Seigel, 1980).
Hatching in Bermuda also occurred within the monfsaly-October)
reported by Burger (1977), Roosenburg (1991) antdeBet al. (2004) for
terrapin populations in North America.

The timing of nest emergence varies between chesloriaxa,
populations and even between siblings within thenesanest, and is
influenced by biological factors (e.g. evolutionaigsponse and internal
timing) as well as physical factors (e.g. raintaid temperature) (see review
in Costanzo et al., 2008). The suggested benefitdetayed emergence
(over-wintering) include avoidance of predators andidance of exposure
to adverse environmental conditions. Conversely kenefits of early
emergence (summer/fall) include the potential tgitndeeding and growth
immediately (Gibbons and Nelson, 1978). Gibbons &tedson (1978)
postulated that delayed emergence is a strategyogetp by species in
which high environmental uncertainty exists for didihgs that emerge
immediately after hatching.

In the U.S.A, hatchling diamondback terrapins mapatt the nest
within hours after hatching (Roosenburg and Kell&996), or they may
spend months over-wintering in the nest chamber emdrge during the
following spring (Lazell and Auger, 1981; Rooserthand Kelley, 1996;
Baker et al., 2006). This appears to be the casBdamuda’s terrapins as
well. Approximately half of the hatchlings monitdren 2010 and 2011
emerged from their nests that season (e.g. betwesnand October).
Nearly one quarter of the 2010 study group oversvad in their natal
nests within the sand bunkers on the Mid Ocean gmifse (the remaining
terrapins departed unobserved), and nearly halB#3B of the hatchlings
from the 2011 study group were deemed to be ovetening. It is believed
that many of the hatchlings which departed unoleskrin 2010 were

deliberately released by well-meaning members efiliblic.
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It is unclear why such a high percentage of Berrisuderrapin
hatchlings over-winter in their natal nests, bueréh are a number of
potential hypotheses which may explain the benefitdelayed emergence
in Bermuda. It may be an adaptation in responsavtiding desiccation
during the summer months, but this has not bededg®t. Summer rains in
Bermuda are typically of short duration and sumdreughts lasting many
months are not considered unusual. It is also plessihat delayed
emergence in Bermuda is a response to historicabyhavian predation
(particularly from members of the Family Ardeida#)ring the summer
months in Bermuda’'s pre-colonial past (e.g. prmrl609 AD), (but see
Chapter 6). Historical writings indicate that hesofspecies unclear)
inhabited Bermuda at the time of human settlentemyever these breeding
colonies were exterminated shortly thereafter (\teg1982). By the early
21% century, the twelve species of heron that visitetlislands of Bermuda

primarily occurred either as vagrants or seasorgidants (Raine, 2003).

Hatching success

The overall mean annual hatching success ratedamBda’s diamondback
terrapins during the three year study period wag h@v (19%) considering
that no nest predation was observed. Nest predatiom a variety of small
mammals (most notably raccoor& @cyon lotor)) has been identified as a
major source of egg mortality to diamondback tarmrapn North America,
accounting for the destruction of 82-99% of nests some regions
(Roosenburg, 1992; Feinberg and Burke, 2003; Buteal., 2004). Nest
survival rates in areas that do not have efficresst predators are high, with
mean hatching success rates reported to be 93%k(@689; Roosenburg
et al., 2003; Roosenburg et al., 2009).

Butler et al. (2004) and Burger (1977) reported loercentages of
un-hatched or undeveloped nests, but this was meat of the present
investigation where the majority of the eggs (626j&lid not appear to
have any discernible embryos. The population castadequate numbers of
males (Chapter 3), so it appears unlikely that eggee unfertilized. It is
unclear why 54.4% of the nests monitored in 2016 @9.6% of the nests

monitored in 2011 failed to produce any hatchlingsthal incubation
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temperatures may be partially responsible (see wjeland recent
toxicological investigations have shown that higlvels of petroleum-
hydrocarbons, heavy metals and polycyclic aromhtidrocarbons exist
within the pond environment (primarily the benthéediment) and in
terrapin eggs (see Chapter 7). Further researetaisanted to determine
whether terrapin eggs in Bermuda are being commeanby environmental

factors.

Relationship between sand bunkers, nesting frequepgcincubation and
hatching success

The demonstration that particular bunkers were dest by nesting female
diamondbacks in both of the study years (2010 abitilpindicates that
some potential nesting sites are more valuable tthars and therefore
have greater conservation significance. The aswatidinding that
frequencies of nesting choice, numbers of emergéchlings and numbers
of unsuccessful incubations (eggs without embryasemerged hatchlings)
are all similarly-ranked suggests that bunker alaidluences overall nest
success. There was no clear relationship with thgquency of hatchling
emergence and lay date, nor between nest ID arddzal date.

Nest temperatures

The temperature of the sand during the incubatieniod influences
embryonic survival, determines the sex of the dspie embryos and
influences the duration of the incubation perioav¢g and Nelson, 1991;
Miller, 1999). The tolerated constant thermal reginfor artificially
incubated diamondback terrapin eggs is 23-34°CsHgat are incubated at
constant temperatures <23°C =85°C fail to hatch (Cunningham, 1939;
Wood and Herlands, 1997), but eggs that have begswsed to 24-27°C are
reported to have produced all male hatchlings, evtiibse incubated at 30-
32°C produced all females (Jeyasuria et al., 18®fsenburg and Kelley,
1996). The temperatures that produce mixed sexeghfe species are
reported to be 28.5-29.5°C (Jeyasuria et al., 18&hsenburg and Place,
1994). It is worthwhile to note that the diurnainigeratures in natural nests

are seldom constant and the sex ratios produced fratural nests have
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been found to be either males or females but rabeth (Roosenburg,
1992).

While natural nests are not subjected to constawubation
temperatures, TSD has been suggested as beintpaifabiased sex ratios
observed in some U.S.A. terrapin populations (Loand Gibbons, 1990;
Morreale, 1992). Daily temperatures of the ten nwed nests in Bermuda
reached, and exceeded, the lethal threshold fazldewg embryos (35°C+)
during the IP — such values sometimes lasting éor ¢consecutive hours
each day. Furthermore, unpublished data show ewgden heat shock in
terrapin eggs collected in 2011 (D. Fort, persoc@ahmunication). The
mean temperatures, however, were well within therated thermal regime
for diamondback terrapins. Furthermore, mean teatpess during the TSP
showed variation which may have favoured the deraknt of different
sexes. Five nests (5D1, 5D5, 6B4, 7A1, 7B4) weoended to have mean
daily temperatures that are known to produce matehfings (e.g. 24.6-
27.1°C), four nests (5D9, 7B8, 7C4, 11A1) were rded to have mean
daily temperatures that are known to produce ferhatehlings (e.g. 30.0-
30.7°C), and one nest (5D14) was recorded to haanrdaily temperatures
that are known to produce mixed sexes (e.g. 28.8F5 small sample size
of the current data set prevents a detailed exammaf how temperature
has affected sex determination and hatching suctesgever, it appears
that there is no clear relationship between the nmdaily incubation
temperatures and hatching success in the ten meditoests (see Fig.
A5.33 in Appendix 5). Future studies examining tbke that temperature
plays in regulating sex determination and hatchsugcess within the

Bermuda population are recommended.

Hatchling biometrics

A longitudinal gradient occurs in the sizes of dmmdback terrapins
throughout the U.S.A. Typically, hatchlings in therthern part of the range
have a smaller mean SCL and mass than hatchlings tlie south. Burger
(1977) reported a mean SCL of 27.5 mm and a ma6s3aj for hatchlings

in New Jersey. Lovich et al. (1991) reported a m8a@h of 33.4 mm for

hatchlings in South Carolina (mass not reported)) S@igel (1980) reported

221



a mean SCL of 31.9 mm and a mass of 8.8 g for hagshin Florida. The
mean SCL and mass for Bermuda'’s hatchling terra@h® mm and 7.5 g)
is more similar to those populations reported frim southern U.S.A.
range than those from the northern (see Fig.5@&). lBass is considered to
be the greatest single determinate of hatchling/bbodss (Roosenburg and
Kelley, 1996).

Scute anomalies were observed in half (50.9%) ef Bermudian
hatchlings studied (n=106). The most common an@nalbserved involved
extra vertebral, costal, and marginal scutes. Waria in the number of
these scutes have been reported from terrapin llragshin the U.S.A.
(Wood and Herlands, 1997; Herlands et al., 2004senburg et al., 2009).
It is possible that high incubation temperaturey & partly responsible for
the observed scute irregularities (see Wood anthhés, 1997; Herlands et
al., 2004) as well as exposure to polycyclic araenhydrocarbons (Van
Meter et al., 2006); however the degree to whichinela’'s small and

isolated population is affected by inbreeding igently poorly understood.

Concluding comments

A recent investigation into the demographic chamastics of the isolated
diamondback terrapin population in Bermuda has shihat it is small with

a very limited distribution and suffers from lowraral rates of recruitment
(see Chapter 3). The results of the current studywsthat the annual
production of hatchlings is limited, largely due lw rates of hatching
success. All of these factors suggest that thisiadipn is at high risk of

local extirpation. It is therefore strongly reconmded that the in-situ
monitoring of hatching success for Bermuda’s tanmspbe continued.
Additional research is needed to determine theiipaauses of the low
hatching rates and ways to mitigate them. Futuneiss should examine
how temperature control (via artificial egg incuba) affects hatching.
Wood and Herlands (1997) and Herlands et al. (208gprted hatching
success rates between 32% and 50% of incubateapitereggs recovered
from road-killed females. Egg viability should albe investigated within

the Bermuda population. Examining oviposited tarrapggs for the
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presence of an embryonic disc will help to establighether fertility (in

either sex) is limiting the hatching rate, and ampeehensive genetic
assessment of the population may help to deterifimgbreeding is an
issue.

Terrapin populations have been shown to decrease ¥@gmales are
forced to nest in marginal habitats where nest igarship is low
(Roosenburg, 1992). Furthermore, females need & wadge of nesting
micro-habitats (e.g. variation in elevation, oraitn to the sun and amount
of shading provided by surrounding vegetation) taintain balanced sex
ratios within a population (Roosenburg and Plag®94). Given that over
97% of the nests located in 2010 and 2011 occuwvithdn the sand bunkers
on the Mid Ocean golf course, and that these aaeagreatly affected by
anthropogenic activities, it would be prudent torease and diversify the
nesting habitat in the Mangrove Lake, Trott's Po&duth Pond and North
Pond area. The creation of new nesting habitat Idhmeally occur in
locations that will minimise the disturbance to teg females, incubating
eggs and over-wintering hatchlings. Any such ateaulsl also be relatively
large, well-drained, and be easily accessible maafe terrapins. Moreover,
the finding that some of the existing sand bunkerghe Mid Ocean golf
course are more important to nesting diamondbaclkalies than other sand
bunkers and the associated finding that bunkercehoiluences overall nest
success (reflected in the number of hatchlings suatessfully emerged)
should direct future conservation management effdiis study has shown
that bunkers 5D, 6B, 7A and 7B had comparativejjhlr nest numbers and
greater hatchling emergence and should thereforéebgnated as critical

nesting habitat for this species on Bermuda.
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Chapter 6: Post-emergent Movements and Survivorshipf

Diamondback Terrapin Hatchlings in Bermuda

Abstract

A small, native population of diamondback terrapiMsl aclemys terrapin)
exists on the remote oceanic islands of Bermuddidalemetry was used
to investigate the short-term movements and surship of post-emergent
hatchling terrapins. Twenty hatchlings ranging fr8h3-34.5 mm straight
carapace length (mean 32.6 mm; SD 1.3 mm) and \wejdletween 7-10g
(mean 8.4g; SD 1g) were monitored over two tracksessions; ten
hatchlings were tracked over a 40 day period dutirgsummer of 2010
and ten hatchlings were tracked over a 31 day @etiging the spring of
2011. The results indicated that mangrove swamjbs grass-dominated
marshes adjacent to the brackish water ponds itdthby adult terrapins
are important developmental habitats for hatchlifgsportionally more
movement was detected, and greater distances weoeded, during the
spring tracking sessions than in the summer sessk@ilow-crowned night
herons Nyctanassa violacea) were found to be predators of small terrapins
during the spring (April) when the hatchlings wenere active. At least
40% of the hatchlings monitored over that periodenkelieved to have
been consumed by herons within one week of deplayifrange 2-6 days,
mean 4.75 days). Young terrapins in Bermuda mayamerausceptible to
heron predation for three years following hatchamyl appear to be most
vulnerable in areas affected by continued humatuidiance, particularly

the grass-dominated marshes that have been inedgdanto a golf course.

Introduction

Diamondback terrapins are residents of coastalremvients along the
Atlantic and Gulf coasts of the U.S.A. Nesting tglly occurs in sandy soil
environments located above high tide (e.g. beaahdsdunes) within these
brackish habitats (see reviews in Butler et al.Q&0Ernst and Lovich,

2009). Nest predation from a variety of small mardsm@nost notably

raccoons Procyon lotor)) has been identified as a major source of maytali

to diamondback terrapins, accounting for the desibn of 80-99% of nests
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in some regions (Roosenburg, 1992; Goodwin, 19@hkerg and Burke,
2003; Butler et al., 2004). After emerging from tiest, hatchling terrapins
typically seek refuge within the nearest vegetatiand generally show
avoidance of open water (Burger, 1977; Lovich et H91; Butler et al.,
2004). Growth is most rapid during the first feway® after hatching, but
slows down considerably once sexual maturity has kadtained (Tucker et
al., 1995; Roosenburg and Kelley, 1996). Terragitchlings in the U.S.A.
have a variety of predators that include small maispbirds and crabs (see
Ernst and Lovich, 2009 for review), however studjaantifying the level of
predation on hatchlings are limited.

A small, native population of diamondback terrapisists on
Bermuda (Davenport et al., 2005; Parham et al.3P@Mich uses the sand
bunkers on a private golf course as artificial imgsthabitat. Surveys
conducted in 2010 and 2011 revealed that 97% ofotteerved nesting
occurred in only eleven sand bunkers, with thosesatled immediately
adjacent to two ponds (Mangrove Lake and South Pbadng the highest
nest densities (up to 0.278 nest$)nmDiamondback terrapins in Bermuda
nest between March and August. Hatchling emergewcers during two
distinct periods in the calendar year; summer/fdlily-October) and
winter/spring (January-March) (see Chapter 5). ofeltrowned night
herons prey on small diamondback terrapins in Bdan{see Chapter 4)
and the results of a three year mark-recapture lptpn assessment
revealed a very low annual rate of recruitment Gkapter 5).

Radio-telemetry has been used to study movemeterpat habitat
use, and survivorship of different chelonian hatgd and neonates,
including box turtles Terrapene carolina), gopher tortoises Gopherus
polyphemus), Blanding’s turtles Emydoidea blandingii) and diamondback
terrapins (Butler and Graham, 1995; Butler and 3ip@896; Draud et al.,
2004; Forsythe et al., 2004). Radio-telemetry wiagsen as the primary
means of investigating the survivorship of Bermsdatrapin hatchings that
had newly-emerged from natal nests. This was reduio inform effective
conservation and management planning for this spe@n Bermuda.
Secondary and tertiary goals were to identify areésresidency for

hatchlings and small juveniles as well as compahiaighling activity levels
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and movement patterns between those emerging irmsunand those

emerging in spring.
Methods

Study Site

The entire known Bermuda population of diamondbterkapins lives in
only four brackish water ponds on the Mid Ocearf golrse, located upon
one square kilometre of land at the eastern eritleofslands (Fig. 6.1) All
four bodies of water are separated from each diieat most, 380 m of
land (straight-line distance between North Pond &rait's Pond) and all
have been incorporated into the golf course asnmeards found between
the fifth and eleventh holes. Two of the ponds (htane Lake and Trott's
Pond) are also important refugia for a speciedéaic killifish Fundulus
bermudae) since they contairca. 70% of Bermuda’s total population
(Outerbridge et al., 2007). Refer to Chapter 2niore detailed descriptions
of the physical and biological characteristics @k tponds and their
surrounding wetlands.

Thirty three sand bunkers are situated betweefiftheand eleventh
holes (Fig. 6.1). Individual bunker areas rangeunfrl2.3-181.7 fm(mean
56.8 nf) and the minimum straight-line distance to theres@pond ranged
from 5-207 m (mean 71.7 m). Surveys performed ib02@vealed that 77%
of all discovered terrapin nests were located ensénd bunkers on fifth and

seventh holes of the Mid Ocean golf course (se@@h®).

231



© Bermuda Ministry of Environment, Planning andrastructure
Figure 6.1. Aerial photograph from 2003 showing the four diamtioack

terrapin ponds situated on the Mid Ocean golf s=Mangrove Lake,
B=Trott's Pond, C=South Pond, D=North Pond) and teneralized
locations of the sand bunkers associated with iftle through eleventh

holes (red boxes numbered 5-11).

Radio-telemetry surveys

Ten diamondback terrapin hatchlings were capture@d10 after newly
emerging from ten nests and small radio-transmiiterodel BD-2, Holohil
Systems Ltd.) with an expected 28-day battery (iffnge 21-35 days; J.
Edwards, personal communication) were attachetidacarapaces of these
hatchlings following Draud et al. (2004) (see Fi.1 in Appendix 6).
Hatchling mass ranged from 7-10 g (mean 8.4 g; SDd) and straight
carapace length ranged from 31.1-34.4 mm (mean 13219 SD 1.0 mm).
The transmitters weighed 0.7 g and thus were withan 10% limit for
telemetry packages (see Beaupre et al., 2004). Adtehlings were

subsequently released in sand bunkers on theHdtd (n=5) and seventh
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hole (n=5) on the Mid Ocean golf course and traakeel to two times daily
from July 3f' — September"82010 using a telemetry receiver (R-1000,
Communications Specialists, Inc.) fitted with a talement hand-held radio
antenna (RA-2AK, Telonics Inc.). In 2011, an additl ten hatchlings
(mass range 7-10 g; mean 8.3 g; SD 1.2 g and ktradggapace length range
30.3-34.5 mm; mean 32.3 mm; SD 1.6 mm) which hagnty emerged
from over-wintering in ten nests were capturededitwith new transmitters
and released in sand bunkers on the fifth hole )nsi%th hole (n=2) and
seventh hole (n=3) on the Mid Ocean golf courseyThere tracked one to
two times daily from March 27— April 28" 2011. All tracking sessions
were conducted haphazardly between the hours 60G81d 24:00.
Hatchlings were visually observed during each traglsession and
a description of the habitat was recorded. Hatghlincations were
discretely marked using stakes and the straigbt-iistances between the
stakes and subsequently marked locations were meshsiBearches
continued for a three day period following the lafsa radio-transmitter
signal, at which point the hatchling was no longensidered part of the
investigation. The presence of herons (speciesnantber counted) as well
as the date and time of the observations weredmisomented from the area

when applicable.
Results

Post-emergence movements
August 2010
Surveys were conducted over a 40-day period. Me#ety life for the BD-
2 radio-transmitters was 33.5 days (range 23-40s)dayable A6.1 in
Appendix 6 summarises the individual movement histo of the ten
diamondback terrapin hatchlings tracked in Augudil® Overall,
movement was detected in only 11% of the individinatking sessions.
The mean distance travelled over the survey pesiasl 0.8 m (range 0-60
m).

Upon release, all ten hatchlings crawled immedyatelthe edge of

the bunkers and either buried into the sand orowed into the grass
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growing at the edge of the bunkers. Only three webserved to
subsequently depart the bunkers. One hatchling Y#dparted the bunker
on the fifth hole by the second day following i&dease, travelled a straight-
line distance ofca. 15 m and entered the mangrove swamp where it
remained until the transmitter was lost 35 daysrléfig. 6.2). The second
hatchling (#H6) departed the bunker on the sevbalh at the beginning of
the fourth week of study, travelled a straight-loistance ofta. 60 m and
entered the saw-grass marsh in the centre of Stutkd where it remained
until the transmitter was removed twelve days lafére third hatchling
(#H8) departed the same bunker on the seventhatalee end of the fourth
week, travelled a straight-line distancecaf 16 m and crawled into the
grass bordering the seventh hole where it remaiméitithe transmitter was
removed ten days later (Fig 6.3).

The remaining seven hatchlings stayed concealdideatnargins of

their respective bunkers throughout the surveyopennost were buried in
the sand to depthslO cm.

Figure 6.2. Diamondback terrapin hatchling movements from samd
bunkers adjacent to Mangrove Lake in August 201@itevarrow indicates
point of release, open circles represent obsergedtibns of hatchlings,
coloured numbers represent days after releaseghlta identification is as
follows: #H1 (red), #H2 (blue), #H3 (yellow), (Hdreen), #H5 (black).
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Figure 6.3. Diamondback terrapin hatchling movements from shed

bunkers adjacent South Pond in August 2010 (whitaaaindicates point of
release, open circles represent observed locatdristchlings, coloured
numbers represent days after release). Hatchlegfification is as follows:
#H6 (red), #H7 (black), #H8 (yellow), #H9 (gree#ii10 (blue).

Thirty three heron sightings were recorded in totall5 separate days over
the 40-day survey period in 2010. All records wefrgellow-crowned night
herons and most constituted single heron obsengtiough the greatest
number recorded in one tracking session was niee(son the fifth hole
and two on the seventh hole). These observationsraa between the
hours of 13:00-23:00 with the majority after 18:00.
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March-April 2011
Surveys were conducted over a 31-day period. Medtery life for the

radio-transmitters that were recovered was 29.3 degnge 28-31 days).
Table A6.2 in Appendix 6 summarises the individoalvement histories of
the ten diamondback terrapin hatchlings trackedvéen late March and
late April 2011. Overall, movement was detecte89B3% of the individual
tracking sessions. The mean distance travelled thesurvey period was
6.2 m (range 0-122.5 m).

As with the hatchlings studied in August 2010, teth hatchlings
released in March-April 2011 were observed to crammediately to the
edge of the bunkers and either bury into the sanouaow into the grass
growing at the edge of the bunkers. By the endheffirst week following
their release, all of the terrapins had departenhftheir respective bunkers.
The five hatchlings (#H11-H15) monitored at thehfifhole entered the
mangroves and showed signs of dispersal alongwhenp throughout the
remainder of their respective tracking sessiong.(€i4). These individuals
were frequently observed seeking refuge withinrttengrove leaf litter in
close proximity to the water line or in shallow ematimong the mangrove
prop roots. Occasionally individuals were discoden@ing under the pond
embankment in areas lacking fringing vegetatiory.(along the fifth
fairway of the golf course).

Two of the hatchlings released in the seventh buikel16 and
#H20) moved to the dense matsRaspalum that borders South Pond on the
first day following release, travelling straighti distances of 22.6 m and
35 m respectively, across the open lawn of a mtgreen (Fig. 6.5).
Hatchling #H20 remained hidden within tRaspalum for the following 26
days; however, #H16 remained within tRaspalum for a two week period
before taking up residency within the saw-grasssimat the centre of South
Pond. This individual was tracked for an additiobaldays during which it
was repeatedly observed sheltering under densegsass- foliage, often
partially buried in the marsh substrate. The thiagichling (#H17) released
in the sand bunker on the seventh hole could ndoteted on the second
day despite a thorough search of the area, howheetransmitter (without

terrapin) was found on the third day at a distasfcE60 m (see below). The
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two hatchlings released in the bunker on the sidle (#H18 and #H19)
departed within two to three days and travelledight-line distance of 92.4
m and 122.5 m respectively across the open lavtheokixth fairway. One

hatchling (#H18) crawled to the base of a tree whieremained until it

disappeared on the sixth day following its releas®] the other (#H19)
entered the mangrove swamp adjacent to Mangrove Wdiere it continued

to move along the fringe of the swamp; it also piszared on the sixth day
following its release (Fig. 6.5).

e

Figure 6.4. Diamondback terrapin hatchling movements from samd
bunkers adjacent to Mangrove Lake in March-Aprill20(white arrow
indicates point of release, open circles represdgerved locations of
hatchlings, coloured numbers represent days afégase). Hatchling
identification is as follows: #H11 (blue), #H12 ¢gn), #H13 (black), #H14
(yellow), #H15 (red).
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Figure 6.5. Diamondback terrapin hatchling movements from shed
bunkers adjacent to South Pond in March-April 20&fite arrows indicate
points of release, open circles represent obseln@ations of hatchlings,
coloured numbers represent days after releaseghlita identification is as
follows: #H16 (blue), #H17 (green), #H18 (blacki¥9 (yellow), #H20
(red).

A total of 49 heron sightings were recorded on &2asate days over the 31-
day survey period in 2011. These records comprised different heron
species; the yellow-crowned night heron, the littkeile heron Egretta
caerulea), the great egreddea alba), the snowy egretegretta thula), and
the tricoloured heronHEgretta tricolor). Most constituted single heron
observations and occurred between the hours oDEB3300, including one
observed predation event on April"™26f a small diamondback terrapin at
South Pond (Fig. 6.6).
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Survivorship

August 2010

Nine of the ten radio-transmitters were recoverganf their respective
hatchlings; four from Mangrove Lake and five fromugh Pond. Fading
and/or erratic signals were associated with sevamsmitters 23-40 days
after deployment (mean 35.4 days) and two tranersitixpired without any
observed changes in the pulse rate 29 and 32 délgsving deployment.

Only one hatchling vanished during this study dmudoss of transmission
signal 37 days after release. In total, nine tratters functioned beyond the

expected 28-day life span of their batteries.

March-April 2011
Three of the ten radio-transmitters were recovdreth their respective

hatchlings; two from Mangrove Lake and one from t8oBond. Fading
and/or erratic signals were associated with a#@htransmitters 28-31 days
after deployment (mean 29.3 days). The remainirapsmitters (and
hatchlings) were not recovered (but see below)tduess of radio signal.
Four of these disappeared within one week of depé (range 2-6 days,
mean 4.75 days); the majority of which (n=3) ocedrat South Pond. The
final three hatchlings disappeared 17, 20 and 38 ftalowing release. No
changes in the pulse rates were observed in atheesé transmitters prior to
their disappearance. One transmitter was locat@dri@om its last known
location after vanishing for a 24 hr period (seel#hh Fig. 6.5). This unit
was recovered from a pellet that was believed teehaeen regurgitated
from a yellow-crown night heron and which comprisgtinous fragments
of terrestrial arthropods and carapace scutes &odmmondback terrapin
hatchling (Fig. 6.7).
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Figure 6.6. Yellow-crowned night heron with a dead juvenilardondback

terrapin in its bill (arrowed).

Figure 6.7. Regurgitated pellet believed to have come fromeHdow-

crowned night heron showing a BD-2 radio transmifat (arrowed).
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Discussion
The use of radio-telemetry on terrapin hatchling88ermuda allowed for
precise location of the tracked individuals, intspaf their cryptic nature,
and the results of the present investigation hdneva that the mangrove
swamp and the grass-dominated marshes adjacdm saline ponds on the
Mid Ocean golf course are important habitats fer dievelopment of young
diamondback terrapins in Bermuda. Similar to Beraudyoung
diamondback terrapins (i.e. individuats75 mm SCL) in the North
American range have been found to be cryptic, lgabeen observed hiding
under accumulated surface debris, low growing \aget, rocks and
mattedSpartina grass on tidal mud flats (Pilter, 1985), burrowintp the
tidal wrack at the high tide line in salt marsheevich et al., 1991) and
within the intertidal vegetation of the high mam=dne (Draud et al., 2004;
King, 2007). Furthermore, hatchlings display avaia of open water and
instead crawl to the nearest vegetation upon emgrgom nests (Burger,
1976; Lovich et al., 1991; Butler et al., 2004). Iaon and Burke (2012)
performed a detailed study of seasonal movementsatithling terrapins
and found that post-emergent movements in theafate typically upland,
away from water but this trend reversed in thergpri

The mangrove swamps and grass-dominated marshaseatjto
Mangrove Lake and South Pond offer ample food nessu(see Chapter 4)
and the plant cover provides concealment from poesa These habitats
are, however, limited in area. The mangrove swamamgsconfined to a
relatively narrow band surrounding Trott's Pond avidngrove Lake that
quickly grades to open water on the seaward sidk iato golf course
fairways, private gardens and forested regionshenlandward side. The
grass-dominated marshes in South Pond and Nortd B significantly
smaller in area than the mangrove swamps, whilePdspalum mats that
fringe these ponds are frequently cut back or readantirely as part of the
maintenance program of the golf course. The limiiatiery life of the BD-
2 transmitters did not permit long-term monitorioighatchling movement;
however it is reasonable to assume that these amemasot temporary
microhabitat choices. This is supported by the tilaat no hatchling-sized or

small juvenile terrapins (e.g. <81 mm straight pae length) were
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encountered in the open water habitat of the pdndsg a three year mark-
recapture study of the Bermuda population (see €n&).

Proportionally more movement was detected, andeatgr mean
travel distance was recorded, in the spring tragkigssions than in summer
sessions. Terrapin hatchlings in Bermuda are lgleaore active following
emergence from brumation during the spring thaeraéimergence from
their nests in the summer. However, this increagethg activity occurs at
a time of increased heron activity around the welta(M. Outerbridge,
personal observation) which may make the terrapiose susceptible to
avian predation.

None of the hatchlings monitored during the Aud2@310 tracking
session were believed to have been lost via p@dabut the results of the
April 2011 study indicate that at least 40% (n=4) tbe hatchlings
monitored were probably consumed by herons in itiaity of South Pond
and Mangrove Lake. Similarly, Butler and Sowell 469 reported higher
rates of predation on hatchling and yearling gopioetoises during the
spring (April-May) than during other times of theear. Moreover,
Bermuda’s terrapin hatchlings from South Pond appede more at risk
from avian predation than those from the Mangrowke. area. This is
believed to reflect the lack of adequate plant cauarounding the sand
bunkers at South Pond and in the area outsideatheygass marsh.

One of the limitations of using radio-telemetry #&xamine
survivorship is that without physical evidence (ea carcass or a
transmitter) it is not possible to differentiate madity from tag failure or
animal dispersal. It is unlikely, in the presenidst, that a hatchling moved
beyond the range of the receiver since diamondbackpins in Bermuda
are known to only reside in a limited area (i.ssléhan 1 kif) and the daily
tracking sessions often involved extensive searcbieshe wetlands.
However, it is possible that the reason most of tthesmitters were not
recovered was because of heron-mediated dispensgt rom the study
area. All of the lost transmitter signals during tApril 2011 tracking
session were preceded by observations of heroagifay in the areas where
the hatchlings were being monitored. Given than dmchling was

confirmed to be consumed by a heron during théwiieek of study in 2011,
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it is reasonable to assume that the other threghlvags which vanished
during the same period were also due to avian poedarhis is consistent
with observations made during a four week periodhi@ spring of 2010

when ten small diamondback terrapins were witnessag preyed upon
by yellow-crowned night herons foraging in the sgnass marsh and
Paspalum at South Pond (see Chapter 4). Draud et al. (2§@ddulated that
rats may become efficient hunters of terrapin Hatgh once they have
acquired the appropriate search image and mighh theploit these

hatchlings so long as prey densities were high gmon the marsh habitat
(e.g. at peak emergence times). Once the hatctiéngity dropped (e.g. via
dispersal) the rats would be expected to switchlternative prey sources.
This may also be true of yellow-crowned night heranBermuda that prey
upon terrapin hatchlings in the areas where thatgse¢ nesting densities
(e.g. the sand bunkers of the fifth, sixth and sdvéoles on the Mid Ocean
golf course) and the developmental areas for yotemgapins (e.g. the
wetlands adjacent to South Pond and Mangrove Lakegide, especially if

this occurs at the time of greatest synchronous@enee (e.g. spring). It is
unclear what caused the remaining three terrapinanish during the 2011
radio-telemetry investigation. It is possible thheir transmitters expired
since signal loss occurred close to or within tkpeeted range of battery
life (21-35 days), however avian predation canmotuled out.

Historical writings indicate that herons (speciexlear) inhabited
Bermuda at the time of human settlement (1609 A)wever, by the 19
century, records indicate that herons were no lobgeeding in Bermuda
but occurred as regular migrants to the islandsnf)tie, 1982). Skeletal
remains found in Pleistocene and Holocene cavepand deposits indicate
that an endemic, crab-eating heroNydtanassa carcinocatactes) was
present on Bermuda, but went extinct subsequehtitaan colonization in
the early 1% century (Olsen and Wingate, 2006). This is ungsimy as
herons were regarded as delicacies for centuridaumpe before modern
conservation measures (Holloway, 1996). Duringlthe 1970s an attempt
was made to establish a breeding population ofxgame con-generic heron
(the yellow-crowned night heron) as a potentialrdgd biological control

of a terrestrial species of land crdke¢arcinus lateralis) that was deemed a
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pest at the timeBetween 1976 and 1978, 46 chicks were translodabea
Florida to Bermuda, hand-raised and released ih# wild. The first
confirmed breeding within this newly establishedoplation occurred in
1980 (Wingate, 1982). This species is now the nooshmon heron on
Bermuda, breeding has been documented island-widettee present-day
population is considered to be self-sustaining Nlhdeiros, personal
communication). Herons of the genhNgctanassa have been described as
crustacean specialists (del Hoyo et al.,, 1992) am@mination of
regurgitated pellets on Bermuda during the earl0&9revealed that land
crabs comprised approximately 97% of their dietwvéweer the remains of
terrestrial arthropods were also occasionally foundicating that these
herons were capable of preying upon non-crustasgeties (Wingate,
1982). More recent foraging observations and exatian of regurgitated
pellets suggest that yellow-crowned night heronsBearmuda exhibit a
much greater diversity of prey items than previgusported, that includes
a wide variety of terrestrial arthropods, smalhés, marine crustaceans,
small amphibians, and reptiles (M. Outerbridge, ublished data).
Diamondback terrapins ranging in size from 96-13W straight carapace
length (SCL) were encountered during an assessmwirihe Bermuda
population (see Chapter 3) and showed signs opaaeadamage of a near-
identical nature to those observed on a young spati(51 mm SCL) that
had been killed by a yellow-crowned night heromgé-iA6.3 and A6.4 in
Appendix 6). This suggests that yellow-crowned higérons prey on young
diamondback terrapins until the latter attain & ¢ at least 96 mm SCL,
when they are approximately three years old (Gibbairal., 2001).

The other members of the Family Ardeidea that welbserved
frequenting the study area during the present &lgminvestigation are
reported as being primarily piscivorous (del Hoyale, 1992) and there are
no published records of them preying upon diamookib&rrapins in
Bermuda.

Predators of small diamondback terrapins in thetiNémerican
range include raccoons, the Norway rRatfus norvegicus), ghost crabs
(Ocypode quadrata), and a variety of birds (including night heronsucger,
1976; Arndt, 1991, 1994; Draud et al., 2004; Rulis2009). Raccoons are
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not present on Bermuda and ghost crabs have natdrmmuntered within
the area inhabited by Bermuda’'s diamondback tersapHowever, rats
(Rattus rattus andR. norvegicus) and feral catsHelis catus) have been seen.
Draud et al. (2004) reported that the Norway ras vesponsible for preying
upon 67% of terrapin hatchlings and small juven{25-41 mm straight
carapace length) studied in a New York populatiborthermore, the
hatchlings appeared to be most vulnerable durirg first few days
following emergence from nests and hibernacula,nnigtchling densities
were highest due to synchronous emergence. Rats been observed
within the saw-grass and mangrove swamps adjacetitet ponds on the
Mid Ocean golf course (M. O.), although predationrhts could not be
verified by the Bermuda radio-telemetry investigati Rats are not
presently subject to rodent control measures in dhea. Feral cats,
widespread on Bermuda, are actually attractedgdvild Ocean golf course
property which has established feeding/wateringjosts, including one at
South Pond. Such stations are associated with & ft&t sterilization
program. It is not known whether the cats prey ugiamondback terrapin
hatchlings, but Seabrook (1989) reported that apprately 90% of the cat
scats collected from a study site on a single &lanthe Indian Ocean
contained green turtleChelonia mydas) hatchling remains; cats are also
known predators of Galapagos tortoisgegchelone nigra) hatchlings and

young juvenilegSwingland, 1989).

Concluding comments

Delayed sexual maturity, longevity and iteropastg key characteristics of
the population biology of chelonians (Gibbs and Am&000), but these
very characteristics also make their populatioss lkeapable of responding
to elevated rates of juvenile mortality (Congdoralet 1993). The observed
level of avian predation on diamondback terrapittihlangs during the first

month following spring emergence in Bermuda mayasially responsible

for the low levels of recruitment that have beeruwoented in the adult
population (approximately two terrapins per annufege Chapter 3).

Furthermore, yellow-crowned night herons appearetoain predators of

small juvenile terrapins for three years followilgtching. This is of
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particular concern given that the average annuaymtion of hatchlings in

Bermuda is estimated to be no more than 91 indalglgsee Chapter 5).
High post-hatching survival rates are necessargrsure that adequate
recruitment occurs to maintain a stable population.

Continued monitoring of this vulnerable populatit;m determine
temporal population trends is vital, as are furttaatio-telemetry studies to
examine avian predation rates. It would also be&gntito control rats and
to relocate the feral cat feeding station from 8dabnd to an area where
terrapin hatchlings are absent. A limited cull c#llgw-crowned night
herons, particularly at South Pond, should be cemed in the spring when

terrapin hatchlings appear to be more conspicuous.
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Chapter 7: Eco-Toxicological Assessments of Diamohdck Terrapin

Habitat, Prey and Eggs in Bermuda

Abstract

Total petroleum hydrocarbons, polycyclic aromatipdiocarbons and a
variety of heavy metal residues (arsenic, cadmiehmpmium, copper, iron,
lead, nickel, zinc and mercury) were extracted andlyzed from fresh
whole diamondback terrapirM@laclemys terrapin) eggs, whole aquatic
gastropods Heleobops bermudensis, Melanoides tuberculata, Melampus
coffeus) and benthic sediment from the pond environment8eérmuda
inhabited by the terrapins. Biomagnification wastedeed, with the
gastropods and the terrapin eggs showing elevatesisl of heavy metals
and organic pollutants by comparison with sedimen@onversely,
polycyclic aromatic hydrocarbons were mostly foumithin the sediment
and lesser amounts were detected in the gastraputi®ggs. It is evident
that contaminants are transferred to eggs, and thieatconcentration of
several contaminants exceeds those known to camsage in a range of
aquatic vertebrates. Some of the contaminantsraoek to have mutagenic
and teratogenic effects at the observed concemtisaind may be reducing
the incidence of successful embryonic development this species in
Bermuda. Bermudian diamondback terrapins evidelty and feed in
wetland habitats characterized by chronic, multdeal contamination that
renders their main food source potentially dangetowconsume. This study
suggests that environmental contamination may In¢ribating to the low

hatching success shown by diamondback terrapin @g@ermuda.

Introduction

Bermuda has a long history of environmental contatimn by chemicals of
various types. Insecticides have been used fordésci® control mosquitoes
(D. Kendall, personal communication), while the air@opularity of golf
courses on the islands (there are nine in totanamoted herbicide use (J.
Bacon, personal communication). In addition, desjts small size (54
km?2), Bermuda has a high human population (appratety 65,000) and is

home to around 44,000 licensed road vehicles abwartypes. Bermuda
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also has over 7,600 powered recreational water¢nafitorboats and jet
skis) that heavily use the surrounding waters (Adtvét al., 2005). Many of
such craft have two-stroke engines that are knowrernit far greater
guantities of hydrocarbons to the atmosphere thaad rvehicles (e.qg.
Davenport and Switalski, 2006). Throughout muchtié 2d" century,

garbage (including metallic objects) has been disgoof in landfills,

coastal waters and ponds across Bermuda (Sterceingate, 1981).

Today, however, high temperature incineration ie thain method of
disposal of municipal solid waste, from residenéial commercial sources.
Although not industrialised, Bermuda is consequeciiaracterised by high
levels of localised anthropogenic pollution (e @nds, 2011).

Recent investigations of the health status of tredgenvironment in
Bermuda suggest that there is a suite of contartsnainconcern that are
having detrimental effects on the resident faurtat(€ét al., 2006; Fort et al.,
2006; Bacon, 2010; Bacon et al.,, 2012). These oauntnts include
petroleum hydrocarbons (gasoline-range organic#{GRO), diesel-range
organics (TPH-DRO)), polycyclic aromatic hydrocantbdPAH) and heavy
metals. Entry of contaminants into the wetlands e®tinrough storm-water
run-off from adjacent roadways, car parks and hodsees, aerial
deposition and leachate from nearby landfills amdugd-water sources
(Fort et al., 2006). Ponds located within and asljado golf courses are
among the most toxic wetlands in Bermuda (J. Bacpersonal
communication). Tissue residue analyses from aeasfgtaxa, including
cane toadsRhinella marinus), mosquitofish Gambusia holbrooki), killifish
(Fundulus spp.), and red-eared slidefs §chemys scripta elegans) collected
from a variety of contaminated wetlands across Belanhave shown that
petroleum hydrocarbons, polycyclic aromatic hydrboas and heavy
metals are being accumulated and induce developemlformations,
endocrine disruption, liver and gonad abnormalifpiss immunological
stress (Bacon, 2010; Bacon et al., 2012).

Diamondback terrapindMalaclemys terrapin) are considered to be
native specieto Bermuda (Parham et al., 2008), where they aidesats of
the land-locked, brackish water pond environmerdv@port et al., 2005)

(Fig. 7.1). Bermuda’s diamondback terrapins aregmédy considered to be
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very vulnerable to local extirpation given the simpbpulation size
(approximately 100 individual$81 mm straight carapace length) and
highly localized distribution (four brackish watponds situated on one
square km of land within a private golf course) e(s€hapter 3).
Furthermore, recent studies have shown that theadratching success for
this population is lowda. 19%) despite the total absence of nest predators

(see Chapter 5).

64°42' 64°48’

32°24" + + 32°24'

Berjmuda

WA

N g '
-l North Pond . Y :
. ket South Pond ,Fi; 3

Trott's Pond

Mangrove Lake

32"8 + 3218’

0 2 4 km

64:42‘ 84:43'
Source: Mark Outerbridge
Figure 7.1. Map of Bermuda showing the location of the diamzack
terrapin ponds; Mangrove Lake, South Pond, NorthdPand Trott's Pond.
(A=city of Hamilton).

Diamondback terrapins are known molluscivores tghowt their North
American range (Tucker et al., 1995), and invesitiga into the feeding
ecology of Bermuda’'s diamondback terrapins havevshthat they ingest
substantial quantities of small gastropods, whicke &nown bio-
accumulators of both inorganic and organic toximpounds (e.g. Walsh et
al., 1995), together with appreciable quantitieswfface benthic sediments

(see Chapter 4). Terrapins in the U.S.A. accumuiavy metals in liver
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and muscle tissue (Burger, 2002), accumulate PAHggs (Holliday et al.,
2008), and have been used as bio-indicators of@mwiental contaminants
in salt marsh ecosystems (Blanvillain et al., 20B3sile et al., 2011),
however the long-term effects of such exposuraiak@mown.

Cognisant of the aforementioned research, it seeposdible that
terrapins in Bermuda, like other aquatic fauna,hmlzge negatively affected
by TPHs, PAHs and heavy metals which could putpbpulation at risk.
The objectives of the present study were to exarttieelevels of toxic
contaminants in benthic sediments in water bodié&rev diamondback
terrapins have been recorded, as well as in aqgasitopods on which they
feed, and also in terrapin eg@3iven the small population size of terrapins
in Bermuda, destructive sampling of adults, juvesilr hatchlings was
deemed unethical on conservation grounds. Thugrder to investigate
exposure to, and absorption of, toxic contaminaiitsyas decided to
analyze samples of benthic sediment, aquatic gasisoas well as whole
diamondback terrapin eggs for TPH, PAH and heavytameesidues.
Funding was not available to permit analysis otls\of persistent organic
pollutants (POPS) such as organochlorine pesticid63CPSs),
polychlorobiphenyls (PCBs) or polybrominated di¢ttthers (PBDES).

Examining the extent to which Bermuda’s diamondbgarkapins
are impacted by contaminants, and how this inflasrsurvival, is critical to
the design of appropriate management initiativess @etland remediation

activities.

Methods

Study sites

Mangrove Lake and Trott’s Pond are among the langesds on Bermuda,
consisting of approximately ten hectares (ha) &neet hectares open water
respectively, and both are surrounded by a narrowgd of red mangrove
trees Rhizophora mangle) that have given rise to relatively small mangrove
swamps totalling 2.3 ha and 0.8 ha respectivelyolids et al., 1991;
Thomas, 1993). Both bodies of water are salineyahaverage salinity of

28.6, measured using a refractometer), situate® 12@rom the coast and
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are connected to the ocean via small subterrarisanrés (Thomas et al.,
1991). South Pond is one of the smallest pondsesmBda and consists of
0.18 ha of open water and 0.27 ha of saw-gr&adium jamaicense)
marsh. This brackish water pond has an annual geesarface salinity of
10.8 (see Chapter 2), and, as it is not conneotéltetocean, the salinity and
water levels of South Pond are greatly affectedduyfall. All three ponds
are relatively shallow (mean depth range 35-269 @mil have been
incorporated into the Mid Ocean golf course as wagzards since the
1920s (Fig. 7.2). Mangrove Lake has deep depofkidslatinous, sapropelic
benthic sediment (Hatcher et al.,, 1982) and, basad preliminary
examination, this appears to be true also of teroponds as well (M.
Outerbridge, personal observation). See Chapteror2 niore detailed
descriptions of the physical and biological chaggstics of these ponds and

their associated wetlands.

© Bermuda Ministry of Environment, Planning andrastructure
Figure 7.2. Aerial photograph from 2003 showing the four diamiioack
terrapin ponds situated on the Mid Ocean golf ms=Mangrove Lake,
B=Trott's Pond, C=South Pond, D=North Pond).
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Sediment and tissue collection and analyses

Benthic sediment was collected haphazardly fromumbrer of locations

within Mangrove Lake (n=5 samples), Trott's Pond3nsamples) and

South Pond (n=4 samples) in 2009 as part of andskide assessment of
Bermuda’s wetland health. The sediment was coliefitem a boat using a
long-handled dip net with a mesh size of 1 mm. Esaimple constituted
sediment skimmed from the surface of the pond batjmoured into sterile

4.5 litre glass bottles (giving a total of twelveb 4itres sediment samples)
and refrigerated at 6°C prior to shipment.

Whole body samples of aquatic gastropods were [zapdiy
collected in July 2011 from Mangrove Lake and Sdedimd during a series
of benthic biotic transect surveys, that formedt pdra feeding ecology
investigation of Bermuda’'s diamondback terrapinge(sChapter 4).
Approximately 6 g of live hydrobiid snaildHéleobops bermudensis) was
collected from these combined ponds, 6 g of lienemmed melania snails
(Melanoides tuberculata) was collected from South Pond and 18 g of live
coffee bean marsh snailgi¢lampus coffeus) was collected from Mangrove
Lake, giving a total sample of 30 g of gastropods.

Eleven whole diamondback terrapin eggs were c@tefriom eleven
different nests, discovered during nesting suniaydune and July 2011,
within sand bunkers on the Mid Ocean golf coursee (Ehapter 5). This
represents about 4.5% of annual laying by the ajmul. All gastropods
and eggs were frozen following collection.

All collected samples were shipped to Fort Envirental
Laboratories Inc. in Oklahoma, U.S.A. for analysdatal Petroleum
Hydrocarbons (TPH), both diesel range (DRO) andlgzes range (GRO),
were extracted and analyzed in accordance with 8@ve®der EPA method
3510 (DRO extraction) and OK8000/81 and OK 8020r86pectively using
GC-MS and 1 g of each sample. Polycyclic Aromatydidcarbons (PAH)
analyses were also performed in accordance with888/-One g of sample
was extracted in 100 mL of hexane using superatiflaid extraction (SFE)
in accordance with EPA method 3560 and analyzed G&-MS in
accordance with EPA method 8270 corrected for smalimes. Metal

analyses were performed in accordance with SW-8tteiuEPA method
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200.7 and corrected for small volumes. One g ofpdanwas digested in
HNOs/HCI and analyzed by inductively coupled plasmayatoemission
spectrometry (ICP-AES) (USEPA, 2008).

Data analysis for PAHs and heavy metals followsimeasediment
guidelines adopted by the New Jersey DepartmentEmfironmental
Protection (N.J. DEP). The low effects range (ERtgpresents a
concentration at which adverse benthic effects i@wad to have impacted
10% of cases studied, whereas the median effante r&ERM) represents a
concentration at which adverse benthic effects i@wad to have impacted
more than 50% of cases studied. As the state of Md&sey does not have
guideline values for TPH-GRO and TPH-DRO, the loffeds level
guidelines were values established by the stateOkihhoma for soil
remediation at contaminated sites and the sevdeetgflevel guidelines
were values established by the state of Califofmiasoil screening. There
are no comparable guidelines for safe amounts &fsTIPAHs and metals

in biological samples.

Results
Tables 7.1 and 7.2 summarise the amounts of tetablpum hydrocarbon,
heavy metal and polycyclic aromatic hydrocarboniduess found in
composite samples of pond sediment from Mangrowe | 8outh Pond and
Trott’s Pond, aquatic gastropods collected from §tame Lake and South
Pond and diamondback terrapin eggs collected fresand bunkers on the
Mid Ocean golf course. For the full dataset seelda&¥.1 and A7.2 in
Appendix 7. Table 7.3 summarises the regulatoryeslfor heavy metals
and total petroleum hydrocarbons established bystaes of New Jersey,
Oklahoma and California. Table 7.4 summarises #wilatory values for
polycyclic aromatic hydrocarbons established bystiage of New Jersey.

In general terms, the TPHs and heavy metals waradfin greater
concentrations in the aquatic gastropods and tereggs than in the pond
sediment, whereas the greatest amounts of the Rwdtls mostly found

within the sediment and lesser amounts were detéatthe gastropods and

eqggs.

256



Sediment

Results showed that the sediment from Mangrove L&keith Pond and
Trott’s Pond was highly contaminated with a variefytoxic compounds.
Elevated amounts of diesel-range organic petroldwdrocarbons and
heavy metals were detected in all three ponds Tsdde 7.1). The mean
composited value for TPH-DRO was close to, and rfeximum value
exceeded, the severe effects level and the mearpasiimd values for
arsenic, cadmium, copper and mercury exceededotheetfects range for
marine sediment screening guidelines establishatiéoyN.J. DEP; however
the maximum amounts detected did not exceed thdamesffects range
guidelines (see Table 7.3). PAHs were also deteicteadl three ponds at
levels that exceed the low effects and median &ffiemnges. Eight (50%) of
the PAHs examined had mean values that exceedeldwheffects range
and 6 PAHs exceeded the median effects range fdimeat quality
guidelines (compare Table 7.2 vs 7.4). Examinatibthe maximum PAH
values shows that eight compounds, including ad#hgfene,
acenaphthene, phenanthrene, anthracene, pyrenezo(agmthracene,
benzo(g,h,i)perylene and dibenz(a,h)anthracenege weund to greatly
exceed (in some cases up to eight times) the mediiects range (see Table
7.4).

Gastropods
The data show that the aquatic gastropods accuesighificant amounts

of diesel-range petroleum hydrocarbons and all Isietecept iron. In some
cases the mean values of metal residues foundeicdmposite gastropod
samples were x10 to x20 greater (e.g. lead, cadmauaoh zinc), and
mercury residues were x64 greater, than the mearevdound in the
composite sediment samples (Table 7.1 and 7.2)th®fthree different
gastropod species examined, the coffee bean marah @/lelampus

coffeus) was found to have the greatest TPH and metaluesi(Table A7.1
in Appendix 7). A number of PAHs that were foundhigh amounts in the
benthic sediment were not detected in the gastsypbowever, elevated

mean PAH values for fluorene, pyrene, chrysene l@tkzo(a)anthracene
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were detected in greater amounts in the composiigatee gastropod

samples, indicating biomagnification of these coomms.

Diamondback terrapin eggs

The data show that mean values of cadmium, copead, zinc, mercury
and the TPH-DROs were significantly higher in tagdpin eggs than in the
benthic sediment, but lower than those detectethenaquatic gastropods
(see Table 7.1). Four PAHs (fluorene, fluoranthembrysene and
benzo(a)anthracene) were also detected in gremiurds in the composite
egg samples than in the sediment (see Table 7r®)uding two

(fluoranthene and chrysene) that showed clear oifieation from

sediment to gastropods to terrapin eggs.
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Table 7.1. Summary of the heavy metal and total petroleunrdunatrbon residues (dry weight values) found in cositp

samples of pond sediment, aquatic gastropods amdotidback terrapin eggs from Bermuda. BDL=BelowebD&bdn Limit.

Gasoline-range Diesel-range

(Sszmzlli Arsenic Cadmium Chromium Copper Iron Lead  Nickel zZinc  Mercury petroleum petroleum
size) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) hydrocarbons hydrocarbons

(mg/kg) (mg/kg)

Pond max. 56.27 4.04 125.00 112.28 12884.62 42.20 8.79 64.95 0.27 0.77 148.33
sediment min.  19.04 BDL 27.02 21.63  2543.86  14.55 3.64 25.22 BDL BDL BDL

(n=12Xx mean 35.18 2.94 58.29 67.73 5990.40 27.96 5.61 46.05 0.21 0.77 104.58
450) SD 13.31 0.86 32.97 27.75 3465.33 8.05 1.57 12.03 0.04 - 35.27

N max. 69.03 80.96 428.71 545.10  353.49 673.13 23.43 1585.84 29.93 BDL 467.51
@ ga;?ggo ds min.  33.46 47.33 125.26 129.49  138.71  269.53 6.82 597.96 4.36 - 152.04
(30g) mean 51.24 65.79 272.09 321.94 230.44 388.79 16.85 1043.19 13.48 - 278.49

SD 1895 13.86 125.39 183.07 89.85 190.57 7.60 488.66  11.52 - 134.85

max. 58.49 86.32 65.41 131.60  147.17  469.86 3.64 227.70  10.52 BDL 417.88
Teerggzi” min.  5.40 12.59 6.13 66.29 6478  69.08 084  98.62 1.65 - 80.74

(n=11) mean 28.16 37.74 26.17 90.21 100.66 167.66 1.97 165.11 4.37 - 225.57

SD 15.09 23.42 16.95 22.20 25.97 117.53 0.78 36.53 2.79 - 117.01




Table 7.2.Summary of the polycyclic aromatic hydrocarboridess (dry weight values) found in composite saspliepond

sediment, aquatic gastropods and diamondback tereggs from Bermuda. BDL=Below Detection Limit.

© o c Q
: 5 5 T : £ £ § & £ %
Sample T <So =R} So £ 8o = o c O o oD oo oo 2o e o) =~
£ X £ X s < = X c X o= c o X c < 0 X o0xX S < < ™M X —— ==
(sample £ gZ©° T D S T > =5 S > =] T 20 =D ED o A Lo =)
size) 22 c2 5= I o= =2 RS o= v 3 53 232 x=2 E":" a3 %3 %3—
z 3 g T < o N N N o o = N
< o S S @ @ 3 o)
@ oM oM = 3 o0
Pond max. BDL 1567.16 3789.47 BDL 2684.21 4333.33 BDL 2982.46 275439 BDL BDL BDL BDL BDL 210526 2456.14
sediment min.  BDL BDL BDL BDL BDL 109091 BDL  789.47 BDL BDL BDL BDL BDL BDL BDL BDL
(=12 X 4.5 mean - 1567.16 2462.05 - 1856.35 2628.00 - 1827.77 1760.54 - - - - - 1396.92 2300.65
L) SD - - 1087.96 - 620.78 1165.01 - 755.96  734.62 - - - - - 571.53  219.90
max. BDL BDL  2754.95 261.79 2218.98 1986.42 136.36 2667.36 474.30 172.65 BDL BDL 690.30 BDL 1069.86 244.19
Ptond g min.  BDL BDL 22590 BDL 44514 69880 BDL 619.99 BDL BDL BDL BDL 107.67 BDL 347.64 BDL
astropods
g (309% mean - - 1417.03 158.34 1610.89 1502.94 136.36 1868.80 247.36 160.92 - - 313.92 - 619.02  158.12
SD - - 1073.78 91.37 792.72 557.98 - 901.98 197.11  16.59 - - 259.92 - 343.92 7455
max. BDL BDL  369.67 192.92 361.07 390.36 354.62 666.99 350.00 387.08 BDL BDL 121.94 BDL 218.80 BDL
Terrapin - in BpL BDL 28.95 BDL  57.79  46.02 77.01 14927 7422 8924 BDL BDL BDL BDL BDL BDL

eggs
(nggl) mean - - 136.42 88.06 170.61  155.48 206.56 403.00 192.87 220.01 - - 83.69 - 117.92 -

SD - - 121.95 50.11  100.85 112.43 93.99  182.37 92.14  101.99 - - 22.23 - 54.77 -
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Table 7.3.Regulatory values for metals established for neagnd estuarine environments by the New JerseyriDegat of

Environmental Protection and total petroleum hydrbons established for soil screening and remedidty the states of

Oklahoma and California.

Gasoline-range Diesel-range

Arsenic Cadmium Chromium  Copper Lead Nickel Zinc Mercury petroleum petroleum
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) hydrocarbons hydrocarbons
(mg/kg) (mg/kg)
Low effects range (ERL) 8.2 1.2 81 34 47 21 150 0.15 - -
Median effects range (ERM) 70 9.6 370 270 218 52 410 0.71
Oklahoma (low effects) - - - - - 50 50
- 110 110

California (severe effects) - - - -




Table 7.4.Regulatory values for polycyclic aromatic hydrdmans established for marine and estuarine enviratsrigy the

New Jersey Department of Environmental Protection.
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Table 7.5.Comparison of mean dry weight specific metal Isvekorded in
diamondback terrapin eggs from Bermuda (this staahy) Tuckerton, New
Jersey (Burger, 2002). Only five metals were aralyis both studies; those

of Burger (2002) have been converted assuming 70@g@ mass is made

up of water.
Site Arsenic Cadmium Chromium Lead  Mercury
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mgl/kg)
New Jersey 0.04 0.0009 1.30 0.13 0.12
Bermuda 28.16 37.74 26.17 167.66 4.37

Table 7.6. Comparison of PAH concentrations recorded in diadiback
terrapin eggs from Bermuda (this study) and eggbeated from a
Maryland creek subject to an oil spill one yeatiea(Holliday et al., 2008).
A=‘Clean site’ (Golden Beach), B=‘Contaminated si8heridan Point),
BDL= Below Detection Limit, NM= Not Measured.

PAH Bermuda Maryland
(Hg/kg) (Hg/kg)
A B

Naphthalene BDL BDL 106.6
Acenaphthylene BDL BDL 46.9
Acenaphthene 136.4 BDL 52.4
Fluorene 88.1 BDL BDL
Phenanthrene 170.6 BDL BDL
Anthracene 155.5 BDL 67.9
Fluoranthene 206.6 BDL 433.3
Pyrene 403.0 BDL 88.1
Benzo(a)anthracene 192.9 BDL 60.6
Chrysene 220.0 BDL BDL
Benzo(b)fluoranthene BDL BDL BDL
Benzo(k)fluoranthene BDL BDL 82.1
Benzo(a)pyrene 83.7 116.6 95.5
Perlyene NM 26.5 113.2
Indeno(1,2,3-Cd)pyrene  BDL BDL 402.0
Dibenz(a,h)anthracene 117.9 BDL BDL
Benzo(g,h,i)perylene BDL BDL 140.3
TOTAL 1774.7 143.1 1688.9
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Discussion

This study was inevitably limited because of thieicatl and conservation
constraints that prohibited the sacrifice of hatal juvenile or adult

diamondback terrapins. However, the results obthicenfirmed that the
sediments of the pond environments inhabited byte@pins of Bermuda
were heavily contaminated by heavy metals and écgawllutants; this is

consistent with the general picture for Bermudiaetlands (Fort et al.,
2006; Fort et al., 2006; Bacon, 2010; Bacon et24112). It is also evident
that the small benthic gastropods that inhabit b course ponds, and
which are the main food item of the terrapins (Qbap4), are also
contaminated, showing biomagnification of all heawgtals except iron, as
well as TPH-DRO. Such biomagnification has beereaggdly reported for
freshwater and marine gastropods (e.g. Walsh et 18195). Broadly

speaking there was little evidence of general bgmfecation of PAHs by

the molluscs, but a wide range of PAHs were presentheir tissues

(indicating bioaccumulation) and, while many wetdoaver concentrations
than in sediments, in some cases there was evidasfcegreat

biomagnification (e.g. for benzo(a)pyrene, a powedietary carcinogenic
mutagen (Lee and Shim, 2007)).

Terrapin eggs showed lower levels of all metalsntithd the
gastropods. However, concentrations of mercuryg,Zad and cadmium
were all above those of the sediments. In conttagéls of TPH-DRO in
gastropods and terrapin eggs were similar, whiléiRévels tended to be
lower in eggs than either gastropods or sedimédi®rall, these results
might suggest that terrapin eggs were relativelyontaminated. However,
comparisons with other studies indicate that thigar from true. Burger
(2002) measured metal levels in terrapin eggsr kel muscle in material
collected from Tuckerton, New Jersey, a rural apastal area distant from
pollution sources. Her published data were all weight specific. Ricklefs
(1977) reported that water made up 68.9% of temragg mass; Roosenburg
and Dennis (2005) found values ranging from 66.5%678.5% (mean
70.9%). In Table 7.5 the results of the Bermudiad Alew Jersey studies
are compared, assuming that 70% of wet egg masade up of water. It is

evident from this table that the eggs of Bermuddiamondbacks are
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heavily contaminated by heavy metals, with con@ians x20 (chromium)
to x42,000 (cadmium) greater than at the relativplystine site of
Tuckerton. Burger (2002) reported that egg metaklke were generally
equal to or lower than maternal tissue levels hgoelgg data provide strong
indications that adult diamondbacks on Bermudaeltagh levels of metal
contamination too. Female slider turtl@sdchemys scripta) are reported to
sequester some heavy metals in their eggs as astiexcmethod to rid
their bodies of toxic chemicals (Burger and Gibhal898) and the same
may be true of diamondback terrapins. It is alsathvaoting that eggs of
green sea turtlesChelonia mydas), collected for public health analysis,
contained far lower levels of arsenma(0.32 mg/kg dry mass), cadmium
(0.03 mg/kg dry mass) and lead (0.10 mg/kg dry ingss other heavy
metals were analysed] (van de Merwe et al., 200@&)n tBermudian
diamondback eggs.

The cadmium levels recorded in sediments, gastopod terrapin
eggs are particularly disturbing, as this extremekic, non-essential metal
has been subject to world-wide emission control decades and global
environmental levels have declined for many yearg.(van Assche and
Ciarletta, 1992). Cadmium, which is an endocrirsgugpiter in fish (Vettilard
and Bailhache, 2005), is carcinogenic and possiblytagenic (Burger,
2008). The observed value of 37.74 mg/kg dry wefghtterrapin eggs in
Bermuda is about x38 the maximum permitted conaé&otr in human
foodstuffs (CODEX [Codex Alimentarius Commissiog]jsler, 1985).

Chromium (in trivalent and especially hexavalentrfpis known to
be mutagenic, teratogenic, carcinogenic and an \estixin. Tissue levels
in excess of 4 mg/kg dry weight indicate significachromium
contamination in a wide range of vertebrates (Eisl®86). The observed
mean value of 28.16 mg/kg dry weight for terrapigg® in Bermuda
indicates that this metal is also present at detets levels.

Anthropogenic arsenic mainly enters the environnenhe form of
pesticides. Background arsenic concentrations wimgi organisms are
usually <3 mg/kg dry weight (calculated from Eisl&®88), so the observed
mean concentration of 28.16 mg/kg in terrapin égg8ermudian is nearly

x10 background. However these levels are lower thase often found in

265



seafood (Eisler, 1988) and the effects of suchldeee unknown. Arsenic,
which occurs in many forms, is generally ratherhhig marine organisms
and often forms non-toxic complexes (Eisler, 1988).

Lead levels in pond sediments were below ERL andMER
concentrations and therefore not dissimilar to ¢ho$ coastal estuarine
sediments, but mercury levels were intermediatevéeh ERL and ERM;
both were bioaccumulated and biomagnified by thestrgpods and
diamondbacks. Mercury is teratogenic, mutagenic @rdinogenic, and is
known to cause embryocidal, cytochemical and hattogogical effects in
wildlife (Eisler, 1987); however there are few toodogical studies of
mercury in reptiles. The mean mercury level in th@mondback terrapin
eggs from Bermuda (4.37 mg/kg) was significantiyhieir than that reported
by Burger and Gibbons (1998) for the slider tufleachemys scripta) from
the Savannah River Site, South Carolina (0.04 mgAg well as that
reported by Burger (2002) for diamondback terrapgmmsn New Jersey
(0.12 mg/kg). The biological transformation of mancto the highly toxic
methylmercury form and its subsequent accumulaitiofood chains is a
threat to many species, especially those inhabitiqgatic environments
(see reviews in USEPA, 1997).

Copper compounds (e.g. copper sulfate) are widedy s biocides
to control nuisance algae and macrophytes (Barl®g,7; Havens, 1994)
and can concentrate in soil, water, and sedimétgs arolonged periods of
application. While some studies suggest little or biomagnification of
copper in freshwater food chains (Stokes, 197%erst have found that
among marine organisms, the highest accumulatibnepper are generally
found in molluscan tissues rather than vertebrasués (Eisler, 1979,
1981). Diet appears to be the most important rofiteopper accumulation
in aquatic animals; however data are scarce onearoppncentrations in
field populations of amphibians and reptiles. Cdilsoeggs may contain 60
mg/kg dry weight and livers of some toads may donés much as 2100
mg/kg dry weight without apparent adverse effecse( Eisler, 1998),
therefore the amount of copper detected in Bernsud@mondback terrapin

eggs (90.2 mg/kg) may be within tolerable limits.
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No previous measurements of TPH-DRO appear to Hzaen
conducted upon diamondback terrapin eggs and netexpn of the data is
difficult because of the high lipid content (26-3@%edry weight; Ricklefs
(1977), Roosenburg and Dennis (2005)) of the edysHort, personal
communication). Despite this limitation, it is ci@hat terrapins accumulate
TPH-DRO and transfer them to their eggs. In addjtthe sedimentary TPH
levels far exceed those already known to causelbigis of malformations
in amphibians (Fort and McLaughlin, 2003).

There are however directly comparable data for PAiHdliday et
al. (2008) made measurements of PAH content ofpérreggs collected
from various shores around Swanson’s Creek, Madylame year after a
serious spill of crude and fuel oil. Data for théeamest and most
contaminated sites are shown in comparison withmiBeian data in Table
7.6. From this table it is clear that eggs from Begmudian diamondback
terrapins feature similar PAH levels to those ai#d from the most
contaminated Maryland sites and are around twelves the levels of
(relatively) uncontaminated eggs. This indicatesat thBermudian
diamondbacks live in a chronically PAH-polluted hab

Van Meter et al. (2006) reported that exposure ride oil and
PAHs (particularly benzo[a]pyrene and 7,12-dimdikyiz-[a]anthracene)
had a detrimental effect on the survival and dgwalent of common
snapping turtle Ghelydra serpentina) embryos. Low hatching success and
high deformity rates were reported from eggs ctdéiédrom the John Heinz
National Wildlife Refuge in Pennsylvania (a contaated wetland).
Bermuda’s diamondback terrapin population has belearacterized as
having a very low annual hatching success rate {I#¥pite an absence of
nest depredation (see Chapter 5). Furthermore ptipsilation is composed
of individuals affected by a moderate level of mmirdeformities (e.g.
misshaped carapace or plastron, extra scutes, apsshscutes and
deformed digits) (see Chapter 3). Such deformitidge been attributed to
embryological exposure to high incubation tempeestu(Wood and
Herlands, 1997; Herlands et al., 2004) as well etsofeum crude oil and
PAHs (Van Meter et al., 2006). One potential raeftegg PAH exposure is

via incubation in contaminated beach sands; anathge of exposure is
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maternal transfer of lipophilic hydrocarbons (Nagde al., 2001). The
sources of the PAHs found within Bermuda’s wetlaads currently being
investigated.

Overall it is evident that the Bermudian diamondbtarrapins live
and feed in wetland habitats characterised by dtromultifactorial
contamination that renders their main food souraegérous to consume.
While their own tissue contaminant concentratiome anknown, it is
evident that contaminants are transferred to esyys.that the concentration
of several of these exceed those known to causeaglnSome of the
contaminants are known to have mutagenic and tgato effects at the
observed concentrations and may reduce the inadeasfc successful

embryonic development.

Concluding comments

This study suggests that environmental contaminatiay be contributing
to the low hatching success shown by diamondbacdkap® eggs on
Bermuda. Ideally, attempts should be made to stagehatchling, juvenile
and adult material that results from mortalitieghwa view to determining
tissue contaminant concentrations. Similarly, iuldobe desirable to extend
studies to measurements of persistent organic tpalisl (POPS) in both
benthic gastropods and terrapin eggs. However, fantonservation
perspective these data already indicate that argmuge of wetland
remediation is urgently needed. Much of the obskmentamination may
be historical, but all efforts to reduce presend &mure contamination of

the study ponds should be made.
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Chapter 8: Conclusions and Recommendations for Fute Research

This investigation has shown that Bermuda'’s dianbac# terrapins have a
small population, a very limited distribution, ardw annual rates of
recruitment. Additionally, the annual production ledtchlings is limited,
largely due to low rates of hatching success. Athese factors suggest that
this population is at high risk of local extirpatidDelayed sexual maturity,
longevity and iteroparity are key characteristitshe population biology of
chelonians (Gibbs and Amato, 2000), but these wgracteristics also
likely make their populations less capable of resjing to elevated rates of
mortality (Congdon et al., 1993).

It is presently not known how stable the populaiiorBermuda is,
since there are no other population estimates which to compare the
current findings. However, the data collected dytine four years of field
work (2008-2011) in this doctoral study will seras an effective base-line
for future investigations. Long-term monitoring ahis vulnerable
population, to determine temporal trends, is highigommended and
continued use of modified fish traps, rather thaodified crab traps, is
suggested for future studies — given that they wemetimes more effective
in catching diamondback terrapins within Bermugaiad environment.

It is also strongly recommended that the monitoragighatching
success be continued. Additional research is neddedetermine the
specific causes of the low hatching rates obsenvatle Bermuda terrapin
population, as well as ways to mitigate them. Egability should be
investigated within the Bermuda population. Examgnoviposited terrapin
eggs for the presence of an embryonic disc wilphel establish whether
fertility (in either sex) is limiting the hatchingate, and a comprehensive
genetic assessment of the population may helptermdae if inbreeding is
an issue. Future studies should also examine hompdmture control
affects hatching. This can be achieved via aréfieigg incubation and use
of sand temperature loggers.

The artificial incubation of terrapin eggs collettdrom sand
bunkers on the Mid Ocean golf course, combined waitthead-starting

programme, might also prove to be a short-term meafnnumerically
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enhancing Bermuda’'s diamondback terrapin populatas well as
increasing the relative proportion of males withie population. Head-
starting has been used on a number of marine gpteies (see Meylan and
Ehrenfeld, 2000) as well as diamondback terrapitedd and Herlands,
1997; Herlands et al., 2004) in an effort to rekrdwindling populations.
However, this activity (and the subsequent reiniotin, repatriation or
translocation of captive raised individuals) as @nservation tool is
contentious (see Burke, 1991; Dodd and Seigel, ;188dDougal, 2000;
Meylan and Ehrenfeld, 2000) and should only be us@¢dndem with other
conservation strategies, which target both speaeshabitat. If considered
as an appropriate conservation tool, head-stadiagnondback terrapins in
Bermuda should be done to emulate, as much aspmssatural conditions
(e.g. microhabitats, diet, seasonal temperaturek v light levels) to
minimize the risk of raising animals with anomalobshaviours (e.g.
seeking and using inappropriate microhabitats,giog poorly and lacking
predator-avoidance behaviour), which would limieithability to survive
after release. Furthermore, adequate space, sami@hd veterinary care
must be made available to minimize both the madytalates of captive
animals and the release of compromised individ(iads diseased) into the
wild. Juvenile terrapins raised in this manner wioalso be ideal candidates
for translocation to new wetlands in Bermuda that deemed suitable for
terrapin survival (see below).

The artificial incubation of Bermudian diamondbaekrapin eggs,
and the subsequent release of hatchlings, hasiaditvalue as a public
relations activity, by creating an educational apyaty to involve the
public and raise awareness regarding the consenvamnd preservation of
diamondback terrapins on Bermuda. This emydid dupbssesses the
appearance and appeal to captivate the attentiomdofiduals of all ages,
and has proven in the U.S.A. to be an excellentivatar to teach
environmental ethos and stewardship (D. Lewis peiscommunication).

Habitat loss and degradation are regarded as priroauses of
population declines for many turtle species glgbéke review in Mitchell
and Klemens, 2000) and golf courses represent yhigiddified, human-

dominated landscapes. The creation of the Mid Ogetéfrcourse during the

274



1920s undoubtedly altered the terrapins’ wetlan@itats, however the
effects that this had upon the terrapin populattrthat time are largely
speculative. Activities associated with maintainihg golf course have also
impacted upon the terrapin population. Decades pplyang synthetic
chemicals have created toxic conditions on Bern{&d# et al., 2006). Fire
was frequently employed to eliminate undesirablgetation in the marsh at
South Pond for decades, before being abandonedavouf of more
environmentally sensitive practices (N. Furtadaspeal communication).
This would have inevitably caused substantial nlibytéo resident young
terrapins and would also have temporarily diminigshiee ability of the
marsh to support new cohorts of terrapins. Theetipaucity of vegetation
surrounding South Pond and the sand bunkers whrestng occurs most
frequently increases exposure of hatchling terafim avian predators.
Allowing native vegetation to grow around the edgdsthe pond and
planting suitable vegetation around the sand bunkeat link them to
neighbouring wetlands might help to make hatchlitegss vulnerable to
avian predators, particularly when they move towdhg marshes after nest
emergence. Any such modification to the vegetationthe golf course
would require a balance between the survival neétlse terrapins with the
needs of the Mid Ocean club, in order to be corbpatvith the aesthetic
appearance of the golf course.

The protection of critical, or core, habitats iglily recommended.
Core habitats can be defined as essential envinotsntbat are required to
carry out critical life-history functions for a spes (Semlitsch and Bodie,
2003). For hatchling and small juvenile diamondbgsrkapins in Bermuda,
core habitats include the mangrove swamp and sassgrmarsh
communities adjacent to Mangrove Lake, Trott's Ro8duth Pond and
North Pond. The swamps surrounding Mangrove LakkTantt’'s Pond are
presently afforded high levels of protection vi@ithdesignation as nature
reserves. However, the grass-dominated marshesudlh $ond and North
Pond are currently unprotected habitats. The resnfitthis investigation
support the legislative protection of these wettanfbr Bermuda’'s
diamondback terrapins. Furthermore, an island-wadsessment of all

potential habitats suitable for diamondback terragiowth, reproduction
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and survival needs to be made and candidate habitast be protected
under Bermudian legislation before any potentiedajgin translocations are
carried out. Any area identified should have appete habitats available
for all life stages of diamondback terrapins andehanough space to allow
for a population to become sufficiently large, Slmatt demographic

stochasticity and environmental fluctuations doleat to extirpation.

Diamondback terrapin populations have been showmlerease
when females are forced to nest in marginal hatbitdiere nest survivorship
is low (Roosenburg, 1992). Furthermore, femalesdne@ewide range of
nesting micro-habitats (e.g. variation in elevationientation to the sun and
amount of shading provided by surrounding vegetitito maintain
balanced sex ratios within a population (Roosentamg Place, 1994).
Given that over 97% of the nests located in 201d 2011 occurred within
the sand bunkers on the Mid Ocean golf course,thatithese areas are
greatly affected by anthropogenic activities, itulebbe prudent to increase
and diversify the nesting habitat in the Mangroeké, Trott's Pond, South
Pond and North Pond area. The creation of new mgdtabitat should
ideally occur at locations that will minimise thestdrbance to nesting
females, incubating eggs and over-wintering hatgsli Any such area
should also be relatively large, well-drained, drel easily accessible to
female terrapins. It should also incorporate vayyievels of vegetational
shading, to promote thermal variability. Exampldssach habitat could
include the creation of beaches along a 60 m lemjthun-vegetated
shoreline on the fifth fairway adjacent to Mangrdwake (region between
Q5 and Q13 in Figure 4.2, Chapter 4) as well asga 30 m length of un-
vegetated shoreline on a private property adjacehtangrove Lake (region
between Q10 and Q12 in Figure 4.2, Chapter 4). tRatbsfor the creation
of these beaches can be taken from a neighbouitgrat beach (Sam
Hall's beach).

The observed level of avian predation on diamonkib@crapin
hatchlings during the first month following spriegnergence in Bermuda
may be partially responsible for the low levelg@truitment that have been
documented in the adult population (approximatelo tterrapins per

annum). Furthermore, yellow-crowned night herongeap to remain
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predators of small juvenile terrapins for threergdallowing hatching. This
is of particular concern given that the annual padn of hatchlings in
Bermuda was estimated to be no more than 91 ingisd High post-
hatching survival rates are necessary to ensuteatifequate recruitment
occurs to maintain a stable population. The indgratof a limited cull of
yellow-crowned night herons, particularly South 8oshould be considered
in the spring, when hatchlings appear to be moresgicuous. While it is
presently unknown whether feral cats also posesdgtory threat to young
diamondback terrapins in Bermuda, it would be pntide relocate the cat
feeding shelter from South Pond to another arearavtegrapin hatchlings
are absent. Sustained control of rats from thepamrwetlands area is also
highly recommended, given that they have been ifieshtas a significant
threat to hatchlings in the U.S.A. (Draud et a002).

The faecal analyses and, to a more limited extiet,necropsies
have shown that diamondback terrapins in Bermudadatary generalists
that appear to favour the consumption of small rgpsds (primarily
Heleobops bermudensis and Melanoides tuberculata). The range of food
items is narrower than those reported from Northefioa, however this
may be due to the fact that there is less diveesitpng prey species present
within the pond habitat in Bermuda in comparisothwhose found within
the salt marshes of the U.S.A. For example cralbéctware a relatively
abundant element of the salt marsh environmengandportant food item
for terrapins in North America, are cryptic anderam Mangrove Lake and
Trott’s Pond (Thomas and Logan, 1992), and abgem South Pond and
North Pond (M. Outerbridge, personal observatioit)e quadrat survey
results in the mangrove and saw-grass marshesedefrem the present
study indicate that these environments do not appede food limited,
especially for neonate and small juvenile terrapinscontrast, the benthic
surveys within the ponds show that gastropod alwelas unevenly
distributed and generally low within the sedimdntit is higher in localized
areas where rocky substrate or widgeon grass ddenitiais currently
unclear why Bermuda’s diamondback terrapins are exloiting the
aquatic gastropod#lelampus coffeus and Batillaria minima, since the

benthic habitat surveys showed that both species wwre abundant than
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H. bermudensis and M. tuberculata. It is feasible that robust shell
architecture may be providing protection from tpimapredation; however a
crushing force investigation is needed to confihis.tlt is equally unclear
why Bermuda’s terrapins do not appear to be exptpithe flat mangrove
oyster as a food resource since it is among the atmsdant, visible and
sedentary of all the molluscs inhabiting Mangrowaké. and Trott's Pond.
The caloric content of the flat mangrove oyster wagrmined to be 5.23
cal mg' (Thomas and Dangeubun, 1994). The energetic vétneke most
commonly ingested food items (e.d. bermudesis and M. tuberculata)
should be calculated to ascertain if enough highliguprey are being
consumed. Future feeding ecology studies should falsus on examining
additional faecal material, especially in the n¢erend small juvenile size
class (i.e. 30-90 mm SCL range) to determine thergxo which the small
gastropods within the marsh wetlands are beinguwuesd.

The thiarid snail M. tuberculata, the second most commonly
consumed snail in the Bermuda terrapin populatias, never been reported
as prey in previous studies and thus representval fiood item for this
emydid turtle. Melanoides tuberculata has been identified as a host for
several species of parasitic trematode worms (Pamid de Melo, 2011)
which are known to affect the health of waterbirfishes and mammals
(including humans) (Penner and Bernard, 1963; Mitogt al., 2007). It is
currently unknown whetheM. tuberculata is host to any parasites in
Bermuda, but it would be prudent to determine dytttould compromise
the health of the terrapins that consume them.

The non-selective, deposit-feeding strategy olesemr the Bermuda
population of terrapins is evidently an adaptatioat has allowed them to
take advantage of the small benthic gastropodsbiting the gelatinous
pond sediment. This behaviour has not been prelyioeported; however, it
is exposing them to the heavy metals, gasolineeaagd diesel-range
petroleum hydrocarbons and polycyclic aromatic bgdrbons that exist
within this medium. Furthermore, the high inciderafeaquatic gastropod
consumption observed within Bermuda’s juvenile addlt terrapins is of

concern as this is providing additional contamirexgosure.
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Tissue residue analyses for Bermudian specimensldf red-eared
sliders {Trachemys scripta elegans) have revealed significant levels of
diesel range organics, polycyclic aromatic hydrboas and metals.
Additionally, liver and gonad abnormalities haveebalocumented from a
number of different locations throughout Bermudaiohare associated
with high levels of contaminants (Fort et al., 20@®rt et al., 2006; J.
Bacon, personal communication). Red-eared slidegsttee subject of an
eradication programme in Bermuda and make an idealy proxy for
diamondbacks because they inhabit nearby wetlantomments and are
readily available. The short-term and long-termeet that exposure to
these contaminants may have upon the Bermuda didimack terrapin
population are unknown, but the results preseme@hapter 7 strongly
suggest that environmental contamination is a polgbaontributor to the
low hatching success shown by diamondback terrapigs on Bermuda.
Ideally, any dead diamondback terrapins should tbeed frozen, with a
view to determining tissue contaminant concentretidout future studies
should focus on the necropsy and histological eration of tissue material
obtained from red-eared sliders. Similarly, it wablde desirable to extend
studies to measurements of persistent organic tpalisl (POPS) in both
benthic gastropods and terrapin eggs. However, f@ntonservation
perspective the data already available indicateal@mogramme of wetland
remediation is urgently needed. Much of the obserentamination may
be historical, but all efforts to reduce presend &mure contamination of
the study ponds should be made.

Examples of wetland remediation include phytoremmgai, in
which plants are used to extract persistent comams from surrounding
substrate, as well as employing various chemicdlk@aological remediation
techniques. Chemical remediation methods includeaiag or eliminating
inputs of contaminants from point sources, natsealiment remediation by
biodegradation and chemical degradation, and asidtment remediation
by removal or by in sitireatment; biological remediation methods include
enhancing populations of target organisms (seeeweviin Wilcox and
Whillans, 1999). Some wetland plants have been shtwov sequester

petroleum hydrocarbons (Lin and Mendelssohn, 198&Hs (Lin and
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Mendelssohn, 2009) and metals (Weis and Weis, 2&@#h wetland
sediment and store them below ground in roots nceotrate them in aerial
tissues (e.g. leaves and stems). Introduction ofgemxated air into
contaminated areas promotes natural biologicaladtgion of contaminants
by increasing the activity of indigenous bactertett are capable of
metabolizing pollutants (D. Fort, personal commatian). Depositing
clean sediment (e.g. diatomaceous earth) over coné&ed sediment is yet
another technique of wetland remediation that caninish the risk of
biological contact, however it should not be coasddl without first
assessing its impact on the water column and agbaita of the ponds.
Additionally, the creation of buffer zones betweead drains and some of
the ponds inhabited by the diamondback terrapirgs (@angrove Lake and
Trott’s Pond) would help to reduce direct in-pupollutants by serving as a
filter for contaminants entering as road runoffegemtly, all road drains
adjacent to Mangrove Lake and Trott's Pond chamst@m water runoff
directly into the ponds.

Finally, as a direct result of this doctoral inwgation, Bermuda’s
diamondback terrapins were classified in 2012 lese |l protected species
under the Bermuda Protected Species Act (2003) d@eulared to be
‘Vulnerable’. A management and recovery plan (sepekhdix 8) detailing
the short-term and long-term survival goals fos tfpecies has been drafted
and is currently under review for implementation liye Bermuda

Government’s Department of Conservation Services.
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Appendix 1: Supplementary Material to Chapter 1
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Appendix 2: Supplementary Material to Chapter 2

Figure A2.1. Panoramic vista of Mangrove Lake
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180

3 i 7 5 ) Trotts Pond

Ll

Saurce: Department of Plamning
Grid: Bermuda National Grid 2000

T T
554500 554600 554100

LEGEND

Base Zones Protection Areas

[ Residential 1 [___] Airport Agricultural Reserve
[ Residential 2 [___] Open Space Reserve Woodland Reserve
I Rural [ Coastal Reserve [ Historic Protection Area
[0 commercial [__] Recreation 1 — I cave Protection Area

@ Known Cave Locations

I industrial [ Nature Reserve
[ Tourism Special Study Area
I Mixed Use [ ] City Plan 2001

Figure A2.5. Development base zones for the area inhabiteddogniéda’s
population of diamondback terrapins. (Adapted frtme 2008 Bermuda
Plan).
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Appendix 3: Supplementary Material to Chapter 3

Diamondback Terrapin Field Survey Form

Date: Time: Location-
Recorders:
Observation type:  First / Recaphure
Notch #
Female Male Juvemle Hatchling
Modified crab
S-Carapace length (mm): ? P
Catch method:  Modified fish trap
S-Carapace width (mm): Dip net
5-Plastron length {(mm):
Genetic Sample: Blood O
Shell height (mm): Tissue O
None O
Mass (g):
Carapace Head Plastron
|l ’
Photo #
Notes:

Figure A3.1.Data sheet used during the 2008-2010 populatioregs.
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Source: Mark Outerbridge
Figure A3.2. Modified crab trap used to capture diamondbackapsns in

Bermuda.

Source: Mark Outerbridge

Figure A3.3. Modified fish trap used to capture diamondbackajgns in
Bermuda. (Note that the trap actually contains ispecs of Trachemys
scripta elegans).
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-

Source: Mark Outerbridge
Figure A3.4. Bait box used to secure fish bait within the tpimatraps

during the population surveys.

Source: Mark Outerbridge

Figure A3.5. Modified fish trap deployed among the prop roots o

Rhizophora mangle in Mangrove Lake.
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Source: Mark Outerbridge
Figure A3.6. Modified crab trap deployed in Trott's Pond.

Source: Mark Outerbridge
Figure A3.7. Modified fish trap deployed in South Pond. (Notee t

diamondback terrapin to the left and the black-bait to the right of the

blue frame at centre).
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Source: Mark Outerbridge

Figure A3.8. The straight-line shell measurements for the carapleft)
and plastron (right). SCL = minimum straight campdength, SCW =
straight carapace width, SPL = straight plastramgtle. Shell height is not

shown.

Left Right
100w i 9
cre e iR 2 __2000
M2
300 30 “ 3 3000
4
40 & N
{
vz i
M5
c2
Mé
v3
M7
c3
50 9 &
M2
soo — 60 €& .6

200
Source: Mark Outerbridge

Figure A3.9. lllustration showing the numerical values assigtedthe

marginal scutes used during the mark-recapture lptpn surveys (N

nuchal scute, M = marginal scute, V = vertebratescQ = costal scute).
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Source: Mark Outerbridge
Figure A3.10. Photograph showing the notches incised into thegimal

scutes of a mature female terrapin. In this exartipbesecond scute on the
left and the ninth scute on the right of the cacaphave been notched,

indicating that this individual was assigned thenber 26.
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Table A3.1. Summary of diamondback terrapin movement betwéen t

brackish water ponds using recapture histories.

Notch # Location Date Observation

7 South Pond June 11 2008 first

I Mangrove Lake Sept 14 2009 recapture
8 South Pond June 11 2008 first

8 Mangrove Lake July 9 2008 recapture
8 South Pond July 9 2009 recapture
9 South Pond June 11 2008 first

9 Mangrove Lake July 9 2009 recapture
19 South Pond June 12 2008 first
19 Mangrove Lake July 9 2008 recapture
33 South Pond June 19 2008 first
33 Mangrove Lake  August 27 2008 recapture
38 Mangrove Lake June 20 2008 first

38 South Pond July 14 2008 recapture
42 South Pond June 20 2008 first

42 Mangrove Lake June 11 2009 recapture
45 South Pond June 20 2008 first

45 Mangrove Lake July 11 2008 recapture
45 South Pond July 16 2009 recapture
50 South Pond July 8 2008 first

50 Mangrove Lake June 17 2009 recapture
69 Mangrove Lake  August 21 2008 first

69 North Pond May 25 2010 recapture
76 South Pond August 29 2008 first

76 Mangrove Lake Sept 16 2009 recapture
82 South Pond June 10 2009 first

82 Mangrove Lake Sept 26 2010 recapture

Table A3.2. Data used to calculate the Schnabel populatiomatss for
2008, 2009, and 2010.
Samples 1-32 = 2008 (year 1); Samples 33-56 = pRr 2);
Samples 57-74 = 2010 (year 3)
Where:
i =i"™ sample
n = number of animals in tH& sample
m = number of animals in th& sample that are carrying marks
u; = number of unmarked animals in tffesample i§; - my)

M; = number of animals marked prior to iffesample
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Table A3.2 (continued). Data used to calculate the Schradyalilation
estimates for 2008, 2009 and 2010.

Total Populationly) = ZnM?
EmMi

u M iM% mM; m3/n; NT
13 0 0 0 0 0
11 13 2535 52 11488
5 24 6336 144 3.3453
1 29 841 0 0 49.6
30 4500 90 1.8 49.7
32 11264 224 4550.0

3
3

© O N O U~ WN R
|_\
2 oo

N PN WN PR N WO o MO
N

13 12 36 16848 36 0.177.5

6 48 13824 96 0.7 87.5

4 52 10816 156 2.3 83.9
10 3 53 8427 106 13 834
11 2 54 5832 54 0.5 84.8
12 5 55 15125 110 0.890.2
13 12 10 58 40368 580 8.383.0
14 6 60 21600 300 4.281.3
15 10 61 37210 549 8.178.3

62 3844 62 1 779
62 26908 310 3.678.9
64 24576 192 1.582.0
67 31423 268 2.384.8
70 9800 140 2 84.2
70 14700 70 0.3 86.7
72 20736 72 0.3 90.7
75 11250 150 2 90.1
75 22500 225 2.390.6
76 5776 0 0 921
77 11858 154 2 91.5

N R R R R
O © ® N o

N NN
A WDN

N
ol
O P P O W N O W W N O P P N WPk P P &

N © W N P P N b W O P © O

N
-
N P B N A WON N O NP

N
»
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Table A3.2 (continued). Data used to calculate the Schnabpllation
estimates for 2008, 2009 and 2010.

i m o m u M nM% mM; min NT
27 1 1 0 77 5929 77 1 913
28 3 3 0 77 17787 231 3 90.5
29 3 3 0 77 17787 231 3 89.8
30 5 5 0 77 29645 385 5 88.9
31 3 0 3 77 17787 0 0 924
32 6 4 2 80 38400 320 2.794.0
33 9 7 2 82 60516 574 54951
34 6 6 0 84 42336 504 6 94.3
35 2 2 0 84 14112 168 2 94.0
36 4 4 0 84 28224 336 4 93.5
37 3 2 1 84 21168 168 1.394.3
38 9 8 1 85 65025 680 7.194.4
39 8 7 1 86 59168 602 6.194.7
40 3 2 1 87 22707 174 1.3954
14 6 6 0 88 46464 528 6 95.0
42 6 5 1 88 46464 440 4.295.5
43 5 4 1 89 39605 356 3.296.0
44 5 4 1 90 40500 360 3.296.6
45 3 2 1 91 24843 182 1.397.3
46 7 7 0 92 59248 644 7 97.0
47 2 2 0 92 16928 184 2 96.9
48 7 6 1 92 59248 552 51974
49 2 2 0 93 17298 186 2 97.3
50 2 2 0 93 17298 186 2 97.3
51 3 3 0 93 25947 279 3 97.2
52 1 1 0 93 8649 93 1 97.1
53 3 3 0 93 25947 279 3 97.0
54 6 5 1 93 51894 465 4.297.6
55 5 5 0 94 44180 470 5 974
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Table A3.2 (continued). Data used to calculate the Schnabpllation
estimates for 2008, 2009 and 2010.

i m om u M nMZ mM; m3n NT
56 1 0 1 94 8836 0 0 98.1
57 2 0 2 95 18050 0 0 994
58 1 1 0 97 9409 97 1 994
59 1 1 0 97 9409 97 1 993
60 2 2 0 97 18818 194 2 99.3
61 1 1 0 97 9409 97 1 993
62 1 1 0 97 9409 97 1 993
63 3 3 0 97 28227 291 3 99.2
64 3 3 0 97 28227 291 3 99.2
65 1 0 1 97 9409 0 0 99.8
66 2 2 0 98 19208 196 2 99.8
67 1 1 0 98 9604 98 1 99.8
68 1 1 0 98 9604 98 1 99.8
69 1 1 0 98 9604 98 1 99.8
70 2 2 0 98 19208 196 2 99.7
71 1 1 0 98 9604 98 1 99.7
72 3 3 0 98 28812 294 3 99.7
73 1 1 0 98 9604 98 1 99.7
74 1 0 1 98 9604 0 0 100.3
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Table A3.2 (continued). Data used to calculate the Schnabpllation
estimates for 2008, 2009 and 2010.

niMZi miMi m2./ni

2008: > 506232 5384 68.7
2009: X 1352837 13794 154.2
2010: b 1618056 16134 178.2

(N*% = TnM? = 506232 = 94 individuals
ZmMi 5384

(N = ¥nM? = 1352837= 98.1 individuals
ImM, 13794

(N*'9 = InM? = 1618056= 100.3 individuals
EmM; 16134
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Table A3.3. Biometric data summary for female diamondbackatamns

(n=64) captured in South Pond, Mangrove Lake, amdt$ Pond between
2008 and 2010. All data distributions were non-rari@nderson-Darling
tests; SCL p= 0.016, SCW p=0.002, SPL p=0.003, $#9.084, Mass
p=0.007).

Sex/ SCL SCwW SPL SH Mass
Observation stage No. (mm) (mm) (mm) (mm) (9)
first female 1 134 108 113 54 400
first female 3 152 114 135 63 565
first female 4 163 129 147 66 560
first female 5 146 117 124 58 580
first female 6 182 144 159 80 1020
first female 7 133 101 111 52 375
first female 8 179 142 152 72 900
first female 9 155 123 133 63 525
first female 11 165 129 147 66 700
first female 12 140 107 120 59 495
first female 13 154 120 135 61 590
first female 15 169 135 150 66 875
first female 17 182 139 155 75 1060
first female 18 166 128 146 71 880
first female 19 157 130 134 63 750
first female 20 180 136 155 73 960
first female 21 128 101 113 55 400
first female 22 150 123 139 66 760
first female 23 150 120 135 66 625
first female 24 125 98 108 54 365
first female 25 183 137 160 74 1060
first female 26 130 99 115 53 370
first female 27 171 135 154 68 900
first female 28 145 111 123 60 540
first female 30 179 137 151 67 800
‘first’ female 33 163 131 144 68 800
first female 36 159 125 130 63 700
first female 37 172 136 155 75 1020
first female 38 166 133 146 68 880
first female 40 144 111 128 60 460
first female 41 133 105 114 54 380
first female 42 123 98 105 52 325
first female 43 188 141 157 73 1060
first female 44 165 130 141 67 790
first female 45 157 120 134 66 680
first female 46 135 107 123 55 395
first female 47 129 104 109 54 350
first female 48 137 111 120 49 405
first female 50 127 101 110 52 355
first female 51 141 121 117 61 565
first female 53 185 142 161 71 1000
first female 54 139 107 120 52 435
first female 55 119 94 103 51 310
first female 57 135 107 113 56 485
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Table A3.3 (continued).

Biometric data summary for

64 female

diamondback terrapins captured in South Pond, Mamgtake, and Trott’s
Pond between 2008 and 2010.

Sex/ SCL SCW SPL SH Mass

Observation stage No. (mm) (mm) (mm) (mm) (9)
first female 58 134 107 110 59 540
first female 59 191 144 163 73 1220
first female 60 174 134 146 69 960
first female 62 142 107 121 57 510
first female 63 165 126 144 66 720
first female 64 116 97 99 48 270
first female 65 161 123 137 66 820
first female 67 125 97 109 51 300
first female 68 195 147 166 72 1300
first female 69 194 148 169 79 1340
first female 70 183 142 159 68 1080
first female 71 187 141 159 71 1020
first female 72 182 139 155 68 970
first female 73 183 139 151 69 1080
first female 76 148 118 126 57 560
first female 80 179 136 152 65 1000
first female 82 186 142 155 75 1050
first female 84 173 132 145 64 730
first female 95 187 141 155 69 1120
first female 96 196 150 165 73 1050
Median 160.0 125.0 138.0 66.0 710

Q1 1375 107.0 120.0 56.2 466

Q3 179.8 137.0 154.8 69.0 992
Range 116.0- 94.0- 99.0- 48.0- 270-
196.0 150.0 169.0 80.0 1340
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Table A3.4. Biometric data summary for male diamondback tensp
(n=22) captured in South Pond and Mangrove Lakedwn 2008 and 2010.
Some data distributions were non-normal (Andersanliby tests; SCL p=
0.030, SPL p=0.019), others were normal (Andersarliiy tests; SCW
p=0.400, SH p=0.118, Mass p=0.220).

Sex/ SCL SCwW SPL SH Mass
Observation stage No. (mm) (mm) (mm) (mm) (9)

first male 2 114 87 90 44 230
first male 10 119 93 101 47 280
first male 14 126 98 104 46 295
first male 16 121 90 97 44 280
first male 31 109 86 89 43 200
first male 32 128 97 103 47 310
first male 34 126 92 104 48 305
first male 35 111 87 87 42 225
first male 39 109 86 90 44 200
first male 49 128 99 101 47 345
first male 56 126 97 101 45 300
first male 61 110 85 89 42 220
first male 66 125 96 102 47 350
first male 74 127 94 104 48 325
first male 75 114 88 90 44 235
first male 78 126 94 99 46 300
first male 79 122 93 100 43 255
first male 81 130 95 105 46 295
first male 83 130 96 102 40 255
first male 87 132 102 111 46 345
first male 97 133 102 110 47 320
first male 99 134 99 107 44 320
Median 126.0 94.0 101.0 455 295.0

Q1 1140 87.8 1140 438 233.7

Q3 1285 97.2 1285 47.0 320.0

Range 108.0- 85.0- 87.0- 40.0- 200.0-

134.0 102.0 111.0 48.0 350.0
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Table A3.5. Biometric data summary for juvenile diamondbackatgins
(n=13) captured in South Pond and Mangrove Lakedwn 2008 and 2010.
All data distributions were normal (Anderson-Daglitests; SCL p=0.188,
SCW p=0.837, SPL p=0.193, SH p=0.502, Mass p=0.108)

Sex/ SCL SCW SPL SH Mass
Observation stage No. (mm) (mm) (mm) (mm) (9)
first juvenile 29 108 85 92 46 215
first juvenile 52 81 67 68 34 95
first juvenile 77 102 80 86 47 190
first juvenile 85 95 77 78 41 150
first juvenile 86 95 73 76 39 150
first juvenile 88 102 77 87 43 170
first juvenile 89 107 88 92 44 210
first juvenile 90 107 86 92 43 205
first juvenile 91 108 89 92 46 210
first juvenile 92 90 72 75 38 115
first juvenile 93 81 65 67 36 100
first juvenile 94 96 75 81 44 185
first juvenile 98 101 80 78 42 190

mean 98.0 78.0 81.8 41.8 168.1
SD 95 7.7 9.0 4.0 42.6
Range 81.0- 65.0- 67.0- 34.0- 92.0-
109.0 89.0 92.0 47.0 215.0
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#06

407 #08

#09

#10 #10

Figure A3.11.Carapace and plastron photographs of diamondleaicpins
#1-10 (Note: not to scale).
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#19 #19 #20 #20

Figure A3.12. Carapace and plastron photographs of diamondheckpins
#11-20. (Note: not to scale).
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#21 #21 #22

Picture Picture Picture Picture
unavailable unavailable unavailable unavailable
#23 #23 #24 #24

#26 #26

#27 #28

#29 #29 #30 #30

Figure A3.13. Carapace and plastron photographs of diamondleckpins
#21-30. (Note: not to scale).
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#32 #32

#34

#38

#40

Figure A3.14. Carapace and plastron photographs of diamondheckpins
#31-40. (Note: not to scale).
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#46

#47 #48

‘
.
; #44
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#48 |
‘
#50

#49 #50

Figure A3.15. Carapace and plastron photographs of diamondheckpins
#41-50. (Note: not to scale).
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#60

Figure A3.16. Carapace and plastron photographs of diamondhecapins
#51-60. (Note: not to scale).
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#61

H70

#69

Figure A3.17. Carapace and plastron photographs of diamondbatipins
#61-70. (Note: not to scale).
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471 472

#73

#75

#17 #78

#79 #79 #80  #80

Figure A3.18. Carapace and plastron photographs of diamondleckpins
#71-80. (Note: not to scale).
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#85 ‘
.

#87 g8
. Y

#89

#8 #88

#89 #90 #90

Figure A3.19. Carapace and plastron photographs of diamondleckpins
#81-90. (Note: not to scale).
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#99 #99

Figure A3.20. Carapace and plastron photographs of diamondleckpins
#91-99. (Note: not to scale).
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Table A3.6. Growth data for Bermuda’s diamondback terrapins5@)
studied from 2008-2010.

Sex/Stage  No. Initial SCL Time Interval SCL growth Growth rate

(mm) (days) increment (mm yr '1)
(mm)
Juv 86 95 42 6 52.143
Juv 89 107 54 3 20.278
Juv 91 109 34 3 32.206
Juv 92 90 362 19 19.157
M 2 114 455 1 0.802
M 10 119 386 1 0.946
M 14 126 387 1 0.943
M 16 121 359 1 1.017
M 27 171 452 3 2.423
M 28 145 453 8 6.446
M 50 127 339 10 10.767
M 57 135 415 11 9.675
M 68 195 745 2 0.980
F 1 134 69 2 0.378
F 3 152 393 8 7.430
F 4 163 824 4 1.772
F 5 146 394 6 5.558
F 6 182 790 1 0.462
F 7 133 453 26 20.94
F 8 179 727 6 3.012
F 9 155 751 6 2.916
F 11 165 68 2 10.73
F 12 140 361 1 1.011
F 13 154 69 1 5.290
F 17 182 436 1 0.837
F 19 157 27 0 0
F 20 180 35 0 0
F 21 128 456 14 11.206
F 22 150 814 15 6.726
F 26 130 746 42 20.55
F 27 171 452 3 2.423
F 28 145 453 8 6.446
F 29 108 386 18 17.021
F 31 109 71 1 5.141
F 35 111 352 0 0
F 36 159 805 7 3.174
F 37 172 25 1 14.600
F 38 166 24 0 0
F 40 144 779 9 4,217
F 41 133 427 17 14.532
F 42 123 351 7 7.279
F 43 188 59 0 0
F 45 157 386 6 5.674
F 46 135 387 19 17.920
F 47 129 781 18 8.412
F 48 137 25 2 29.200
F 50 127 339 10 10.767
F 51 141 798 5 2.287
F 52 142 721 61 30.880
F 55 119 356 16 16.404
F 57 135 415 11 9.675
F 65 161 296 4 4.932
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Table A3.6.(continued). Growth data for Bermuda’s diamondb&eckapins
studied from 2008-2010.

Sex/Stage No. Initial SCL  Time Interval SCL growth  Growth rate

(mm) (days) increment (mmyr™
(mm)
F 67 125 27 2 27.037
F 68 195 745 2 0.980
F 76 148 377 3 2.905
F 80 179 252 1 1.448
F 82 186 466 1 0.783
F 85 95 427 38 32.482
F 90 107 432 23 19.433

Table A3.7. Annual growth rates for juvenile diamondback tpma (n=3)

in Bermuda.
SCL (mm) at first capture  mmyr ™
81 30.9
a0 19.2
108 17.0
mean 22.4
SD 7.5

Table A3.8. Annual growth rates for male diamondback terragimst) in

Bermuda. (* indicates sexually mature individual).

SCL (mm) at first capture  mmyr

111 0.0
114 0.0
119* 0.9
121* 1.0
126* 0.9
126* 2.1
mean 0.8

SD 0.8
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Table A3.9. Annual growth rates for female diamondback temagn=13)

in Bermuda. (* indicates sexually mature individual

SCL (mm) at first capture  mmyr *

119 16.4
123 7.3
127 10.8
130 20.7
135 17.9
140 1.0
146 5.6
148 2.9
152 7.4
155 2.9
157 5.7
179* 3.0
195* 1.0
mean 7.9
SD 6.6
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Table A3.10. Log-transformed regression

lines of growth for &en

diamondback terrapins (n=64) in Bermuda.
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Table A3.11. Log-transformed regression lines of growth for enal

diamondback terrapins (n=22) in Bermuda.
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Appendix 4: Supplementary Material to Chapter 4

Gastric Lavage

Three male and five female red-eared sliders, rangi size from 125-190
mm straight carapace length, were sampled usindgrigakvage. A
restraining table was constructed using polyvindde (PVC) board that
measured 60 cm by 30 cm with a 45 degree downwilgrdrito which each
slider was secured using a velcro belt (Fig. 4Alhon-skid cloth was glued
to the table surface and two foam blocks were plagi¢gher side of the
sliders to prevent rolling and slipping during tv®cedure. Prior to being
placed upon the restraining table, each slider grasn an intramuscular
injection of ketamine HCI, a dissociative anaestheb promote general
sedation and relaxation of the digestive tract. iitial dose of 25 mg/kg
ketamine HCl was administered, followed by a 30 utenperiod of
observation. If the individual was not totally ststhafter this period, an
additional 8 mg/kg was administered followed byaand 30 minute period
of observation. The sedated slider was then sedordluk table in a head-
down and plastron-up position, and an adjustabdt-ttdbe clamp on a
threaded rod was fastened to the extended neckediately behind the
skull. This ensured that the head stayed extendddre neck in-line with
the mid-line of the plastron. The jaw of each slid@s held open by using a
short length of inflexible vinyl tubing (10 mm oide diameter (OD) cut to
a length of 30 mm), through which a flexible vilsylmm OD delivery tube
(used on five individuals collectively referredas Group 1) and 3 mm OD
(used on three individuals collectively referreca®Group 2) was inserted.
Each delivery tube was coated with lubricatingyjelhd slowly inserted into
the esophagus. The distance to the stomach wasmile¢el prior to tube
insertion by laying the tube along the mid-linetteé plastron and measuring
from the junction of the pectoral and abdominaltesuo the tip of the
mouth. Gentle twisting of the tube during insertion, amtakation of the
cardiac sphincter due to the ketamine HCI, faddidathe successful
insertion of the tube into the stomach (Fig. 4250 ml of fresh water was

then very slowly injected into the stomach usinglastic syringe. The
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flushed contents passed out of the mouth, downfltlehing trough and

collected in the receiving bowl.

Source: John Davenport
Figure A4.1. Author using the stomach flushing table and dejiv&/stem
on a sedated red-eared slider.

Source: lan Walker

Figure A4.2. Reverse polarity x-ray of a sedated red-eareersktiowing
path of vinyl flushing tube through esophagus stimmach (insertion point

into stomach is indicated by arrow).
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All of the red-eared sliders were successfully sedlausing the
ketamine HCI, and subsequently recovered followittte flushing
procedure. However, despite flushing 250 mils ofHrevater into the
stomach of each slider, very little material waklembed. Some material was
collected from three of the five sliders using thenm OD delivery tube
(Group 1) and from one of the three sliders ushmy 3 mm OD delivery
tube (Group 2). The recovered stomach content matemsisted mostly of
plant matter along with a few insect larvae, bunen@f the samples were
large in volume.

To test the effectiveness of this flushing techeigall of the red-
eared sliders were euthanised and necropsied inateddi after the
procedure. The post-procedural necropsies wereompeeld in order to
determine the degree of physical damage to eaderslas well as to
evaluate the effectiveness of the flushing techmidqthe necropsies of the
Group 1 sliders revealed that three still had &ttimachs (the other two
appeared to have had empty stomachs prior to thehifig procedure);
while the necropsies of the Group 2 sliders ree#hat all three still had
stomachs containing food items. Furthermore, thestimes of these sliders
were extremely distended with water (Fig. 4.3). Bgm to the mouth,
stomach, or esophagus was not observed in anyeo$litiers during the

necropsies.

Source: John Davenport

Figure A4.3. Necropsied red-eared slider showing intestinelstied with

water from the stomach flushing procedure.
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The gastric lavage results were only partially ssstul. Some stomach
content material was collected in the receiving bijem half of the turtles;
however the discovery of the water-filled intestine the dissected red-
eared sliders gave cause for alarm. It was hypbeghat the relatively
large size of the 5 mm OD delivery tube used ontthites in Group 1,
combined with the highly fibrous material foundtire stomachs, created a
blockage that prevented successful flushing. THmcKage forced the
injected water deeper into the gastrointestinaittad the sliders, thereby
creating the observed intestinal distension. Toease the flushing success,
the size of the delivery tube was reduced to 3 nidy Iiwever this neither
resulted in procuring the stomach contents of ligers in Group 2, nor did
it result in reducing the incidence of intestinadtednsion. Because of the
invasive nature of the procedure and the unwanted] potentially
damaging, water-filling effect it had upon the stines of the red-eared
sliders, it was decided that gastric lavage woudd lme performed upon
Bermuda’s diamondback terrapins.

Gastric lavage for use on wild populations of estlvas pioneered
by Legler (1977) and has been successfully useal wite variety of small
to medium-sized chelonians, including yellow-ballisliders Chrysemys
scripta) (Parmenter, 1980), post-hatchling (neonate) I|duggd turtles
(Caretta caretta) (Witherington, 2002), green sea turtl&@hélonia mydas)
(Seminoff et al., 2002), red side-necked turtllsrynops rufipes) (Caputo
and Vogt, 2008), Texas river coote@s¢udemys texana) and red-eared
sliders {Trachemys scripta elegans) (Fields et al., 2000). The latter observed
esophageal damage in some of the turtles durirlg &l experiments and
attributed this damage to blockages caused bydheedy tube and trapped
food masses. There are no published studies regotiie use of gastric
lavage on diamondback terrapins; however, givenstmxess reported in
the above investigations, it is not unrealisticagsume that this technique
would work on this species. The harm or destructbmany individual by
performing gastric lavage on the Bermuda populatwas deemed
unacceptable on conservation grounds, especiafyisuit of a meaningful
sample size. Investigators in the U.S.A. who haseess to much larger

populations of terrapins may find success with tachnique — particularly
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if a small delivery tube is used (i.e. less thami@ OD); however the fact
that some soft-bodied food items are able to pdsough the
gastrointestinal tract of a diamondback terrapee (aecal analyses results
in Chapter 4) suggests that the use of gastrigwa this species may be

unnecessary.

Table A4.1. Week 1 (April 19-25, 2010) survey schedule forlgwt
crowned night heron predation observations at S&atid. (Note: The red
“X” represents an observed predation event).

Mon. | Tues.| Wed.| Thur| Fri Sat.  Sun.
06:00 X
07:00| X
08:00
09:00 X X
10:00
11:00
12:00
13:00 X X
14:00
15:00
16:00| X
17:00
18:00] X X
19:00
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Table A4.2. Week 2 (April 2-May 2, 2010) survey schedule fedlgw-
crowned night heron predation observations at S&atid. (Note: The red

“X” represents an observed predation event).

Mon. | Tues.| Wed. Thur Fri Sat. Suh.

06:00
07:00
08:00f X X X
09:00
10:00f X
11:00
12:00 X
13:00 X
14:00
15:00
16:00
17:00 X
18:00f X
19:00 X

Table A4.3.Week 3 (May 3-9, 2010) survey schedule for yellmawned
night heron predation observations at South PoNdte{ The red “X”

represents an observed predation event).

Mon. | Tues.| Wed., Thur Fri Sat.  Sun.
06:00f X
07:00 X
08:00 X
09:00f X
10:00 X
11:00
12:00
13:00
14:00
15:00| X
16:00 X
17:00
18:00
19:00

|
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Table A4.4. Week 4 (May 10-16, 2010) survey schedule for yello
crowned night heron predation observations at S&waihd. (Note: The red

“X” represents an observed predation event).

Mon. | Tues.| Wed.| Thur Fri Sat. Sun.

06:00
07:00 X
08:00 X
09:00 X
10:00
11:00 X
12:00 X
13:00 X
14:00
15:00 X
16:00
17:00 X
18:00 X
19:00

Source: Mark Outerbridge
Figure A4.4. Flesh (A) and opercula (B) of the gastropbliéleobops

bermudensis found within the stomach of a predated juvenilemtndback
terrapin (51 mm SCL) from South Pond.
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Source: Mark Outerbridge

Figure A4.5. Gastropod shails obtained from a faecal samplea of
diamondback terrapinHeleobops bermudensis (above) andMelanoides

tuberculata (below).
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Table A4.5.Dry mass summary of food items obtained from Z&#h samples of diamondback terrapins collecteah fimur
sites (South Pond, Mangrove Lake, Trott's Pond, dacth Pond).

Melanoides Heleobops Melampus Isognomon  Vegetation Insect Fish bone Toad bone Terrapin bone Polychaete Sediment TOTAL
SCL dry mass dry mass dry mass dry mass dry mass dry mass dry mass dry mass dry mass dry mass dry mass dry mass

1D Sex (mm)  Site Date [(¢)] ()] [(©)] ()] [(¢)] ()] ()] ()] ()] ()] )] ()]
12 F 145 SP 02-04-11 - 0.1945 - - not included - - 0.3786 - - not included 0.5731
17 F 184 SP 15-10-11 0.8072 - - - not included - - 0.7960 0.0003 - not included 1.6035
27 F 175 SP 18-05-11 6.6892 - - - not included - - - - - not included 6.6892
27 F 175 SP 02-04-11 13.4850 0.0026 - - - - - - - - not included 13.4876
33 F 172 ML 07-15-11 - - - - not included - 0.0180 - - - not included 0.0180
36 F 166 SP 14-09-10 4.7793 0.0645 - - not included - - - - - not included 4.8438
36 F 166 SP 11-04-11 - - - - - 0.0341 - - - - not included 0.0341
36 F 166 SP 02-02-11 3.2958 0.0080 - - not included - - - - - not included 3.3038
40 % F 153 SP 19-08-10 0.6746 1.1129 - - not included - - - - - not included 1.7875
43 F 188 SP 19-08-10 1.4813 0.1140 - - - - 0.0001 - - - not included 1.5954
50 F 170 ML 28-07-11 - 0.0010 2.1850 - - - - - - - - 2.1860
51 F 146 SP 11-04-11 2.4658 - - - - - - - - - not included 2.4658
68 F 196 SP 09-04-10 0.5733 7.3795 - - not included 0.0060 - - - - not included 7.9588
68 F 196 SP 09-03-10 0.1573 0.5150 - - not included 0.0001 - - - - not included 0.6724
69 F 194 NP 25-05-10 - - - - - 0.0385 - - - - not included 0.0385
82 F 187 ML 26-09-10 - 0.8896 - - - - 0.0625 - - - - 0.9521
85 F 133 SP 26-08-10 1.5952 0.0737 - - not included - - - - - not included 1.6689
90 F 126 SP 19-08-10 0.2198 0.1871 - - not included - - - - - not included 0.4069
107 F 177 ML 31-05-11 - - 0.0333 0.0595 - - - - - - - 0.0928
108 F 175 NP 01-07-11 - 1.3370 - - not included - - - - - - 1.3370




Table A4.5(continued) Dry mass summary of food items obtifnem 33 faecal samples of diamondback terrapatiected

from four sites (South Pond, Mangrove Lake, Trd&d, and North Pond).

Melanoides Heleobops Melampus Isognomon  Vegetation Insect Fish bone Toad bone Terrapin bone Polychaete Sediment TOTAL
SCL dry mass dry mass dry mass dry mass dry mass dry mass dry mass dry mass dry mass dry mass dry mass dry mass

ID Sex (mm)  Site Date @ (9) @ (@ @ (@ (9) (9) 9 9 (9) (9)
16 M 122 SP 01-05-10 - 0.1597 - - - - - - - - not included 0.1597
75 M 114 SP 11-03-10 0.0610 0.1704 - - not included - - - - - not included 0.2314
75 M 114 SP 29-08-10 0.1047 0.8156 - - not included - - - - - not included 0.9203
99 M 134 ML 30-09-10 - - - - - - 0.0001 - - 0.0153 - 0.0154
109 M 121 ML 15-07-11 - - - - - - 0.0581 - - - not included 0.0581
88 Juv 107 SP 05-04-10 0.6930 0.6608 - - not included 0.0075 - - - - not included 1.3613
98 Juv 101 ML 25-08-10 - 0.6153 - - - 0.0272 - - - - - 0.6425
102 Juv 97 SP 07-04-11 - 0.2986 - - - - - - - - - 0.2986
Hsg neonate 31 ML 26-04-11 - 0.0192 - - - - - - - - - 0.0192
H6™ neonate 34.9 SP 02-09-10 - 0.0676 - - - - - - - - - 0.0676
H6 neonate 34 SP 25-04-11 - 0.0549 - - - - - - - - - 0.0549
H3 neonate 34.1 ML 26-04-11 - 0.0512 - - - 0.0036 - - - - - 0.0548
H5 neonate 34.6 ML 28-04-11 - 0.0550 - - - - - - - - - 0.0550




Table A4.6.Percentage frequency of occurrence of food iteltaimed from 33 diamondback terrapin faecal sampddected
from four sites (South Pond, Mangrove Lake, Trd&d, and North Pond).

Melanoides  Heleobops Melampus Isognomon Insects Fish bone Toad bone  Terrapin bone Polychaete
1D Sex SCL Site Date % total % total % total % total % total % total % total % total % total
12 F 145 SP 02-04-11 - 33.94% - - - - 66.06% - -
17 F 184 SP 15-10-11 50.34% - - - - - 49.64% 0.02% -
27 F 175 SP 18-05-11 100.00% - - - - - - - -
27 F 175 SP 02-04-11 99.98% 0.02% - - - - - - -
33 F 172 ML 07-15-11 - - - - - 100.00% - - -
36 F 166 SP 14-09-10 98.67% 1.33% - - - - - - -
36 F 166 SP 11-04-11 - - - - 100.00% - - - -
36 F 166 SP 02-02-11 99.76% 0.24% - - - - - - -

% 40 F 153 SP 19-08-10 37.74% 62.26% - - - - - - -
m 43 F 188 SP 19-08-10 92.85% 7.15% - - - 0.01% - - -
50 F 170 ML 28-07-11 - 0.05% 99.95% - - - - - -
51 F 146 SP 11-04-11 100.00% - - - - - - - -
68 F 196 SP 09-04-10 7.20% 92.72% - - 0.08% - - - -
68 F 196 SP 09-03-10 23.39% 76.59% - - 0.01% - - - -
69 F 194 NP 25-05-10 - - - - 100.00% - - - -
82 F 187 ML 26-09-10 - 93.44% - - - 6.56% - - -
85 F 133 SP 26-08-10 95.58% 4.42% - - - - - - -
90 F 126 SP 19-08-10 54.02% 45.98% - - - - - - -
107 F 177 ML 31-05-11 - - 35.88% 64.12% - - - - -
108 F 175 NP 01-07-11 - 100.00% - - - - - - -
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Table A4.6 (continued) Percentage frequency of occurrenc®ad items obtained from 33 diamondback terrapecéh

samples collected from four sites (South Pond, MaregyLake, Trott's Pond, and North Pond).

Melanoides  Heleobops Melampus Isognomon Insects Fish bone Toad bone  Terrapin bone Polychaete
1D Sex SCL Site Date % total % total % total % total % total % total % total % total % total
16 M 122 SP 01-05-10 - 100.00% - - - - - - -

75 M 114 SP 11-03-10 26.36% 73.64% - - - - - - -
75 M 114 SP 29-08-10 11.38% 88.62% - - - - - - -
99 M 134 ML 30-09-10 - - - - - 0.65% - - 99.35%
109 M 121 ML 15-07-11 - - - - - 100.00% - - -
88 Juv 107 SP 05-04-10 50.91% 48.54% - - 0.55% - - - -
98 Juv 101 ML 25-08-10 - 95.77% - - 4.23% - - - -
102 Juv 97 SP 07-04-11 - 100.00% - - - - - - -
H5 neonate 31 ML 26-04-11 - 100.00% - - - - - - -
H6 neonate 34.9 SP 02-09-10 - 100.00% - - - - - - -
H6 neonate 34 SP 25-04-11 - 100.00% - - - - - - -
H3 neonate  34.1 ML 26-04-11 - 93.43% - - 6.57% - - - -
H5 neonate 34.6 ML 28-04-11 - 100.00% - - - - - - -




Table A4.7. Summary of total number, size range, mean sizéh(8D) for wholeMelanoides tuberculata, Heleobops

bermudensis andMelampus coffeus obtained from the faecal samples of 17 female dradback terrapins. (Note: the blue text

indicates estimated numbers derived from sub-saugipli

Melanoides  Melanoides Melanoides Melanoides | Heleobops Heleobops  Heleobops  Heleobops Melampus Melampus Melampus Melampus
N size range mean SD N size range mean N size range mean SD

1D Sex SCL  Site Date TH (mm) TH (mm) TH (mm) TH (mm) TH (mm) TH (mm)

12 F 145 SP 02-04-11 - - - - 41 1-4 14 0.6 - - - -
17 F 184 SP 15-10-11 90 1-7 3.4 1.2 - - - - - - - -
27 F 175 SP 18-05-11 159 1-18 5.0 3.8 - - - - - - - -
27 F 175 SP 02-04-11 438 1-18 7.1 4.4 2 3-5 4.0 14 - - - -
36 F 166 SP 14-09-10 463 1-11 3.5 1.3 31 1-4 1.8 0.8 - - - -
36 F 166 SP 02-02-11 175 1-10 3.3 1.4 15 1-3 1.7 0.6 - - - -
40 &:: F 153 SP 19-08-10 137 1-10 3.1 1.4 61 1-3 1.8 0.7 - - - -
43 F 188 SP 19-08-10 99 1-16 3.3 25 74 1-4 1.8 0.8 - - - -
50 F 170 ML 28-07-11 - - - - 1 2 - - 12 8-11 9.6 0.9
51 F 146 SP 11-04-11 90 1-11 4.0 2.2 - - - - - - - -
68 F 196 SP 09-04-10 230 -5 2.7 0.9 926 1-5 1.8 1.0 - - - -
68 F 196 SP 09-03-10 68 -4 1.7 1.0 26 1-3 2.0 0.7 - - - -
82 F 187 ML 26-09-10 - - - - 321 1-4 2.0 0.6 - - - -
85 F 133 SP 26-08-10 82 -9 3.4 1.8 33 1-3 15 0.6 - - - -
90 F 126 SP 19-08-10 81 -7 2.2 1.2 51 1-3 1.6 0.8 - - - -
107 F 177 ML 31-05-11 - - - - - - - - 1 7 - -
108 F 175 NP 01-07-11 - - - - 61 1-3 1.7 0.7 - - - -




Table A4.8. Summary of total number, size range, mean sizéh (&D) for wholeMelanoides tuberculata and Heleobops

bermudensis obtained from the faecal samples of three maledralback terrapins.

Melanoides  Melanoides  Melanoides Melanoides | Heleobops Heleobops Heleobops  Heleobops Melampus Melampus Melampus Melampus
N size range mean SD N size range mean N size range mean SD
1D Sex SCL  Site Date TH (mm) TH (mm) TH (mm) TH (mm) TH (mm) TH (mm)
16 M 122 SP 01-05-10 - - - 21 1-2 1.6 0.5 - - - -
75 M 114 SP 11-03-10 58 1-5 1.9 0.8 50 1-3 1.3 0.5 - - - -
75 M 114 SP 29-08-10 41 1-7 2.2 1.2 79 1-3 1.6 0.6 - - - -
Table A4.9. Summary of total number, size range, mean sizéh(®D) for wholeMelanoides tuberculata and Hel eobops
w
2 bermudensis obtained from the faecal samples of three juvedidenondback terrapins.
Melanoides  Melanoides  Melanoides Melanoides | Heleobops Heleobops Heleobops  Heleobops Melampus Melampus Melampus Melampus
N size range mean SD N size range mean SD N size range mean SD
1D Sex SCL  Site Date TH (mm) TH (mm) TH (mm) TH (mm) TH (mm) TH (mm)
88 Juv 107 SP 05-04-10 13 1-3 2.0 0.6 34 1-2 1.1 0.4 - - - -
98 Juv 101 ML 25-08-10 - - - - 15 1-3 1.3 0.6 - - - -
102 Juv 97 SP 07-04-11 - - - - 28 1-2 1.2 0.4 - - - -




Table A4.10. Summary of total number, size range, mean sizéh (D) for wholeMelanoides tuberculata and Heleobops

bermudensis obtained from the faecal samples of five neonamdndback terrapins.

Melanoides  Melanoides Melanoides = Melanoides | Heleobops Heleobops  Heleobops  Heleobops Melampus Melampus Melampus Melampus
N size range mean SD N size range mean N size range mean SD
1D Sex SCL  Site Date TH (mm) TH (mm) TH (mm) TH (mm) TH (mm) TH (mm)
H5 neonate 31 ML 26-04-11 - - - - 4 1-2 1.5 0.6 - - - -
H6 neonate  34.9 SP 02-09-10 - - - - 4 1 1.0 0.0 - - - -
H6 neonate 34 SP 25-04-11 - - - - 6 1-2 1.2 0.4 - - - -
H3 neonate  34.1 ML 26-04-11 - - - - 14 1-2 1.1 0.4 - - - -
H5 neonate  34.6 ML 28-04-11 - - - - 12 1-2 1.2 0.4 - - - -
w Table A4.11.Pooled summaries of the total numbers, size ramgean sizes and standard deviations from the rfiogavhole
w
«© Melanoides tuberculata, Heleobops bermudensis and Meampus coffeus obtained from 28 diamondback terrapin faecal
samples. Note: the blue text indicates estimataabeus.
Melanoides  Melanoides Melanoides Melanoides Heleobops Heleobops Heleobops Heleobops Melampus Melampus Melampus Melampus
N size range mean SD N size range mean SD N size range mean SD
TH (mm) TH (mm) TH (mm) TH (mm) TH (mm) TH (mm)
All pooled 2224 1-18 3.2 21 1910 1-5 1.7 0.7 13 7-11 9.4 1.1
Female pooled 2112 1-18 3.3 21 1643 1-5 1.8 0.8 13 7-11 9.4 1.1
Male pooled 99 1-7 2.1 1.0 150 1-3 1.5 0.6 - - - -
Juvenile pooled 13 1-3 2 0.6 7 1-3 12 0.4 - - - -
Neonate pooled 0 - - - 40 1-2 1.2 0.4 - - - -




Table A4.12.Total number of the various sizeshéleobops bermudensis,
Melanoides tuberculata and Melampus coffeus found within the pooled

faecal samples of female diamondback terrapins.

Shell height| Heleobops Melanoides Melampus
(mm) (n) (n) (n)
1 289 117 -
2 423 236 -
3 97 231 -
4 19 166 -
5 5 77 -
6 - 38 -
7 - 20 1
8 - 8 1
9 - 7 5
10 - 8 4
11 - 3 2
12 - 1 -
13 - 3 -
14 - 0 -
15 - 1 -
16 - 1 -
17 - 1 -
18 - 1 -

Table A4.13.Total number of the various sizes k€ eobops bermudensis
andMelanoides tuberculata found within the pooled faecal samples of male

diamondback terrapins.

Shell height | Heleobops Melanoides
(mm) (n) (n)
1 9 25
2 62 55
3 6 12
4 - 3
5 - 3
6 - 0
7 - 1
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Table A4.14.Total number of the various sizes i eobops bermudensis
and Melanoides tuberculata found within the pooled faecal samples of

juvenile diamondback terrapins.

Shell height| Heleobops Melanoides
(mm) (n) (n)
1 63 2
2 13 9
3 1 2

Table A4.15.Total number of the various sizes i eobops bermudensis

found within the pooled faecal samples of neona&mdndback terrapins.

Shell height | Heleobops
(mm) (n)
1 33
2 7

Source: Mark Outerbridge

Figure A4.6. Photograph showingatillaria minima snails within a bed of

widgeon grassRuppia maritima) at Mangrove Lake.
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Table A4.16. Summary of gastropod abundance (number of snaflsan

each site (n=10) along Transect 1 in Mangrove Lake.

Site No. Lat. Long. Description Batillaria Heleobops
1-1 32.32646 64.70634 sediment 8 36
1-2 32.32640  64.70703 sediment 4 40
1-3 32.32643 64.70716 sediment 0 0
1-4 32.32628 64.70764 sediment 28 24
1-5 32.32610  64.70822 sediment 0 0
1-6 32.32587 64.70885 sediment 0 16
1-7 32.32575 64.70914  widgeon grass 56 492
1-8 32.32559 64.70954  widgeon grass 56 252
1-9 32.32560  64.71004 sediment 0 16
1-10 32.32533  64.71033 sediment 0 192

Table A4.17.Summary of gastropod abundance (number of snafjsan

each site (n=10) along Transect 2 in Mangrove Lake.

Site No. Lat. Long. Description Batillaria  Heleobops
2-1 32.32361  64.70906 sediment 0 0
2-2 32.32394  64.70922 sediment 0 4
2-3 32.32427  64.70932 sediment 4 0
2-4 32.32459  64.70942 sediment 0 4
2-5 32.32483  64.70950 sediment 0 4
2-6 32.32512 64.70963 widgeon grass 0 772
2-7 32.32537 64.70971 widgeon grass 20 380
2-8 32.32566  64.70973 sediment 0 60
2-9 32.32590 64.70983 sediment 0 16
2-10 32.32633  64.70993 leaf litter 8 12

Table A4.18. Summary of gastropod abundance (number of snaflsan

each site (n=10) along Transect 3 in South Pond.

Site No. Lat. Long. Description  Melanoides Heleobops
3-1 32.32890 64.70567 sediment 4 0
3-2 32.32893  64.70545 sediment 16 4
3-3 32.32913  64.70515 sediment 16 0
3-4 32.32932 64.70514 sediment 16 0
3-5 32.32948  64.70523 sediment 12 0
3-6 32.32961  64.70536 sediment 20 0
3-7 32.32966  64.70555 sediment 20 0
3-8 32.32959 64.70571 sediment 12 0
3-9 32.32941  64.70575 sediment 4 0

3-10 32.32917  64.70575 sediment 12 0
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Table A4.19. Summary of gastropod and crustacean abundan& &m
each sand, rock, and gravel site (n=4) within MaugrLake.

Batillaria Alpheus
Site No. Lat. Long. Description minima armillatus
A 32.326719 64.708638 Sand and gravel 2128 0
B 32.327237 64.707204 Rocks 2000 48
C 32.325764 64.710715 Rocks 3504 32
D 32.324942 64.717072 Rocks 6752 0

—
—

Source: Mark Outerbridge
Figure A4.7. Photograph showing a typical view within the manvgr

swamp habitat surrounding Mangrove Lake; the swllogr is dominated

by leaf litter.

343



Table A4.20.Biotic summary of the quadrat surveys (n=16) pented within the mangrove swamp around Mangrove Lake

Note: results standardized on valueéé m

Fish Crustaceans
Gastropods eggs Isopods Insects Other
Quadrat Melampus  Myosetella Laemodonta  Microtralia ~ Pedipes | Fundulus | Amphipod Ligia Armadilloniscus  Armadillidium | Berosus  Lepidopteran Julus Anisolabis | Arachnid Earthworm
No. coffeus myosotis cubensis occidentalis _mirabilis eggs spp baudiniana ellipticus vulgare infuscatus larva sp maritima spp sp
Q1 256 0 0 0 0 112 0 0 0 0 0 0 0 0 0 0
Q2 0 0 0 0 0 32 0 0 0 0 0 0 0 0 0
Q3 208 0 0 0 0 32 16 0 0 16 0 0 0 0 0
Q4 0 0 0 0 0 64 0 0 0 32 0 0 0 0 0
Q5 0 0 0 0 0 800 64 0 0 0 0 0 0 0 0 0
Q6 96 0 0 0 0 0 336 0 272 0 16 0 0 0 16 0
Q7 960 0 0 0 0 272 32 48 48 0 0 0 0 0 0 0
(07 128 0 0 0 0 0 176 0 80 0 0 0 0 0 16 0
@ 432 0 0 0 0 0 928 0 1008 0 0 0 0 0 0 48
Q10 1008 0 0 16 0 0 0 0 16 0 0 0 0 0 0 32
Q11 64 0 0 0 0 0 48 0 96 0 0 0 0 0 0 0
Q12 1168 848 80 0 48 3824 240 0 336 0 0 0 0 0 80 0
Q13 192 0 0 32 0 0 1552 0 736 80 0 16 0 0 0 0
Q14 0 0 0 0 0 0 2272 0 560 0 0 0 16 0 16 0
Q15 0 0 0 0 0 0 0 0 0 0 0 0 256 16 0 0
Q16 0 0 0 0 0 0 160 0 0 48 0 0 0 144 16 64
Totals 4512 848 80 48 48 5008 5936 64 3152 128 64 16 272 160 144 144
raSnI;: 2-15 1-6 1-3 6-7 2-3 - - - - - - - - - - -
(mm)
Mean
size 8.8 2.8 1.8 6.3 2.3 - - - - - - - - - - -
(mm)
SD 3.2 1.2 0.8 0.6 0.6 - - - - - - - - - - -
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Figure A4.8. Frequency of occurrence of gastropods and crestecfound within the mangrove swamp quadrat sarvey

(n=16) performed around Mangrove Lake.



Source: Mark Outerbridge
Figure A4.9. Photograph showing a typical view of the saw-gramrsh
habitat at the centre of South Pond.

Table A4.21. Biotic summary of the quadrat surveys (n=4) penied
within the saw-grass marsh habitat at the cent®ooth Pond. Note: results
standardized on valuesm

Site No. of shoot Heleobops  Millipede [ UnID
No. Lat. Long. bundles bermudensis Ssp. spiders
Q1 32.3290 64.7054 16 176 48 64
Q2 32.3292  64.7055 48 272 32 80
Q3 32.2937  64.7053 32 192 64 48
Q4 32.3295 64.7055 32 192 16 32
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Table A4.22. Summary of the published studies describing diathank
terrapin diet throughout the North American rang@dote: the asterix

indicates studies that used faecal analyses).

Sample size Region Diet Literature source
composition
14 mixed North Gastropods Coker, 1906
gender and Carolina Crustaceans
age (wild) Annelid worms
Algae, grass
unknown North Gastropods Hildebrand, 1929
Carolina Crustaceans
(captive) Bivalves
Fish
875 North Gastropods Allen & Littleford,
hatchlings Carolina Crustaceans 1955
(captive) Bivalves
Fish, liver, beef
70 mixed Louisiana  Gastropods Cagle, 1952*
gender and (wild) Bivalves
age
unknown “East Coast” Crustaceans Carr, 1952*
(wild) Mollusks
Arthropods
unknown Delaware  Bivalves Hurd et al., 1979*
(wild)
At least 65 Virginia and Bivalves Dunson, 1985
hatchlings Florida Fish
(captive) Squid
11 adults  “East Coast” Gastropods Davenport et al.,
(male) (captive) Crustaceans 1992
Bivalves Bels et al., 1998
Fish
unknown Virginia Gastropods Mitchell, 1994
(wild)
294 adults  South Gastropods Tucker et al.,
Carolina Crustaceans 1992*:1995*
(wild) Bivalves
68 mixed  North Gastropods Spivey, 1998*
gender and Carolina Crustaceans
age (wild) Bivalves
Fish
unknown Maryland Bivalves Roosenburg et al.,
(wild) 1999
1 adult New Jersey Arthropod Ehret & Werner,
(female) (wild) larvae 2004
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Table A4.22. (continued) Summary of the published studies deswi
diamondback terrapin diet throughout the North Anger range. (Note: the

asterix indicates studies that used faecal anglyses

Sample size Region Diet Literature source
composition
114 New York Gastropods King, 2007*
hatchlings  (wild) Crustaceans
Arthropods
Arachnids

Foraminifera

4 hatchlings New York Annelid worms Kinneary, 2008
(captive) Mollusks

Crustaceans

Arthropods

Fish
99 mixed  New York Gastropods Petrochic, 2009*
gender and (wild) Crustaceans
age Bivalves

Fish

Plants
81 mixed Florida Gastropods Butler et al., 2000%;
gender and (wild) Crustaceans 2012~
age Bivalves

Fish

Unid animal

tissue
129 adults New York Gastropods Erazmus, 2012*
(female) (wild) Crustaceans

Bivalves

Annelid worms

Bryozoans

Arthropods

Algae, plants

Unid animal

tissue
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Appendix 5: Supplementary Material to Chapter 5

Figure A5.1. Aerial photograph of the sand bunkers on the fiidke of the
Mid Ocean golf course showing the alphanumerictiana assigned to each
bunker.

Figure A5.2. Aerial photograph of the sand bunkers on the dixile of the
Mid Ocean golf course showing the alphanumerictiana assigned to each
bunker.
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Figure A5.3. Aerial photograph of the sand bunkers on the géveole of
the Mid Ocean golf course showing the alphanunmmotations assigned to

each bunker.

Figure A5.4. Aerial photograph of the sand bunkers on the faynef the
eighth hole of the Mid Ocean golf course showing thiphanumeric

notations assigned to each bunker.
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Figure A5.5. Aerial photograph of the sand bunkers surrounttiegputting
green on the eighth hole of the Mid Ocean golf seushowing the

alphanumeric notations assigned to each bunker.

Figure A5.6. Aerial photograph of the sand bunkers on the fayn{right)
and surrounding the putting green (left) on theémimole of the Mid Ocean
golf course showing the alphanumeric notationsggagssl to each bunker.

351



Figure A5.7. Aerial photograph of the sand bunkers on the taoth of the
Mid Ocean golf course showing the alphanumerictiana assigned to each

bunker.

Figure A5.8. Aerial photograph of the sand bunkers on the eligvbole of
the Mid Ocean golf course showing the alphanunmm@otations assigned to

each bunker.
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Have you see terrapins nesting?

Diamondback terrapins are a very rare species that have recently been added to Bermuda’s
native fauna list. Scientists for the Bermuda Zoological Society would like your help with
reporting diamondback terrapin nesting activity on the Mid Ocean golf course property.
These pond turtles particularly like to use sand bunkers in which to lay their eggs betwesn
the months of April and July.

Terrapin tracks

Female diamondbacks can sometimes
be seen wandering across the
fairways and in sand bunkers as they
search for a suitable place to lay thair
eggs. The tracks they leave are often
very subtle. The photograph on the
right shows the impressions left by
the terrapin’s tail and feet.

Favored nesting locations
Terrapins have been observed in
past years using the bunkars on the
5th, 6th, 7th, and Bth holes to nest
in; however, they will dig anywhers
the soil is friable enough to
excavate.

Pleasa call Mark Quterbridge {335-6275) whenever you see a diamendback
terrapin digging a hole in the ground, especially if you see it laying eggs in the hole.
As an alternative, you can report this achvity to the Pro-shop or record your
ohservation in the nesting log located in the half-way house on the 10™ tee,

Tuon o Pz
BocicTe

Figure A5.9. Poster used to elicit help in reporting diamondbterrapin

nesting activity on the Mid Ocean golf course.
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Figure A5.10. Fresh diamondback terrapin tracks in a sand buokethe

Mid Ocean golf course.

-

e Saatare 50 i .5 n - ; b
S eig e SIS ?

Source: Mark Outerbridge
Figure A5.11. Abandoned diamondback terrapin nest.
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Source: Mark Outerbridge
Figure A5.12. Mound of sand showing characteristic evidence of

diamondback terrapin nesting event.

Source: Mark Outerbridge
Figure A5.13. Sand bunker on the Mid Ocean golf course showirg t
metal stakes and blue surveyors tape that marked ldbations of

diamondback terrapin nests.
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Source: Mark Outerbridge
Figure A5.14. Sand bunker on the Mid Ocean golf course showirg t

cages that were employed to determine the poshimgtcesidency periods

for Bermuda’s diamondback terrapins.
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Diamondback Terrapm Nest Survey Form

Date: Time: Location:
Recorders:
Nest Data
Location:
Coordinates of nest:

Lat:

Long:

Relocated eggs?

Predator exclusion cage?

Temp logger deploved? __ Date:
Nest Dimensions Date retrieved.
Max width: Max temop:
Max depth: Min temp:
Depth of top egg: Avg temp:

# of samples
Egg Data
No. eggs laid:
Egg length (mm}:
m @ [£) “ &) @) m () @ am
Egzgz width (mm):
m @ @) “) & @ @ (E) ® am
Ezgz weight (g):

m @ [£) “) 3 @) @ () &)} am

Nest Excavation Data

# emerged young # live hatchlings still in pipped shell
# empty shells # dead hatchlings still n pipped shell
# live young in nest # eggs with no embryo

# dead young in nest #unhatched partial embryos

# predated eggs

Notes:

Figure A5.15. Diamondback terrapin survey form used during th6920
2012 nesting surveys.
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Figure A5.16. Nesting locations for Bermuda’s diamondback tansypn
2010 on the sixth and seventh holes at the Mid @geéf course (red dots

represent nests with confirmed eggs; red dot wéllow centre represents a

nest containing no eggs; yellow dots represent agessful nesting
attempts).
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Mangrove Lake

Figure A5.17. Nesting locations for Bermuda’s diamondback tansypn
2010 on the fifth hole at the Mid Ocean golf coupiszl dots represent nests
with confirmed eggs; red dot with yellow centrenegents a nest containing

no eggs; yellow dots represent unsuccessful neattegpts).
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Figure A5.18. Nesting location for Bermuda’s diamondback temapin
2010 on the eighth hole at the Mid Ocean golf ceurs

Figure A5.19. Nesting location for Bermuda’s diamondback temapin
2010 on the eleventh hole at the Mid Ocean golfs®u
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Mangrove Lake

Figure A5.20. Nesting locations for Bermuda’s diamondback tansypn
2011 on the fifth hole at the Mid Ocean golf coupisal dots represent nests
with confirmed eggs; red dot with yellow centrenegents a nest containing

no eggs; yellow dots represent unsuccessful neattegpts).
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Figure A5.21. Nesting locations for Bermuda’s diamondback tansypn
2011 on the sixth and seventh holes at the Mid @¢eédf course (red dots
represent nests with confirmed eggs; yellow dofweasent unsuccessful

nesting attempts).
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Figure A5.22. Ancillary nesting locations reported by members tio#
public for Bermuda’s diamondback terrapins in 2Gk@ 2011 (red dots

represent nests with confirmed eggs; yellow dofweasent unsuccessful
nesting attempts; A=Mangrove Lake, B=Trott's Por€kSouth Pond,
D=North Pond, E=Compston’s Pond).
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Table A5.1. Sand bunker dimensions, number of nests contaieimgpin eggs, and nesting density for the bunketa/een the fifth

and eleventh holes on the Mid Ocean golf coursenguhe 2010 and 2011 nesting surveys.

Nest Length Width Area 2010 2011 2010 density 2011 density 2010 density 2011 density
ID (m) (m) (m?)  nestcount nestcount (nests r) (nestsrif)  (nestshd)  (nests hd)
5A 22.8 3.3 74.1 2 5 0.027 0.067 270.0 675.0
5B 15.8 3.7 58.4 0 0 0.000 0.000 0.0 0.0
5C 8.9 4.3 38.0 2 0 0.053 0.000 525.7 0.0
5D 32.8 51 165.6 18 31 0.109 0.187 1086.8 1871.8
6A 10.3 5.8 60.2 2 1 0.033 0.017 332.0 166.0
6B 17.1 3.7 62.9 9 10 0.143 0.159 1431.7 1590.7
6C 5.8 3.9 22.5 0 1 0.000 0.045 0.0 445.3
TA 14.0 4.9 68.3 15 19 0.220 0.278 2197.7 2783.8
7B 10.6 3.8 40.6 8 7 0.197 0.172 1969.3 1723.1
7C 19.6 4.6 89.7 7 9 0.078 0.100 780.8 1003.9
8A 7.6 4.6 35.0 0 0 0.000 0.000 0.0 0.0
8B 6.7 6.2 41.6 0 0 0.000 0.000 0.0 0.0
8C 9.1 4.0 36.6 0 0 0.000 0.000 0.0 0.0
8D 13.3 4.3 57.6 0 0 0.000 0.000 0.0 0.0
8E 6.1 4.0 24.4 0 0 0.000 0.000 0.0 0.0
8F 5.3 51 27.1 0 0 0.000 0.000 0.0 0.0
8G 6.5 5.3 34.2 0 0 0.000 0.000 0.0 0.0
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Table A5.1. (continued) Sand bunker dimensions, number of nesttaining terrapin eggs, and nesting densitytler bunkers

between the fiftand eleventh holes on the Mid Ocean golf coursanguhe 2010 and 2011 nesting surveys.

Nest Length Width  Area 2010 2011 2010 density 2011 density 2010 density 2011 density
ID (m) (m) (m?)  nestcount nestcount (nests rf) (nestsrif)  (nestshd)  (nests hd)
8H 5.9 4.0 23.6 1 0 0.042 0.000 423.7 0.0
8l 9.4 3.3 30.7 0 0 0.000 0.000 0.0 0.0
9A 10.8 3.6 39.2 0 0 0.000 0.000 0.0 0.0
9B 11.6 3.3 38.4 0 0 0.000 0.000 0.0 0.0
9C 13.9 3.8 52.8 0 0 0.000 0.000 0.0 0.0
9D 4.8 4.0 18.9 0 0 0.000 0.000 0.0 0.0
9E 7.3 3.4 24.4 0 0 0.000 0.000 0.0 0.0
9F 3.7 3.4 12.3 0 0 0.000 0.000 0.0 0.0
9G 49.7 3.7 181.7 0 0 0.000 0.000 0.0 0.0

10A 32.6 4.4 144.1 0 0 0.000 0.000 0.0 0.0
10B 11.6 3.1 35.6 0 0 0.000 0.000 0.0 0.0
10C 5.9 4.3 25.2 0 0 0.000 0.000 0.0 0.0

11A 345 34 117.6 1 0 0.009 0.000 85.1 0.0

11B 11.6 5.0 58.0 0 0 0.000 0.000 0.0 0.0

11C 134 53 71.7 0 0 0.000 0.000 0.0 0.0

11D 16.7 3.8 62.8 0 0 0.000 0.000 0.0 0.0




Table A5.2.Summary of clutch data for nests monitored in 20G4.0).

No Emerged Eggs with Dead hatchlings found Un-hatched Hatching

29€

Nest ID Lay Date eggs hatchlings no embryo in nest chamber embryos success

7C1 9/5/2009 5 0 5 0 0 0 %
7A1 13/5/2009 9 3 4 0 2 33.3%
slope behind 7C ~ 14/5/2009 7 0 6 0 1 0%
slope behind 7C  18/5/2009 8 0 8 0 0 0%
slope b/w6 &7  21/5/2009 4 2 1 0 1 50 %

7C2 25/5/2009 6 0 6 0 0 0%
slope behind 7C 1/6/2009 4 0 2 0 2 0%
7A2 6/6/2009 4 4 0 0 0 100 %

7A3 4/6/ 2009 1 0 1 0 0 0%

5D1 16/6/2009 2 0 2 0 0 0 %

6

TOTALS: 50 9 35 0




Table A5.3.Summary of clutch data for nests monitored in 20#57).

N No. Emerged Eggs with Dead hatchlings found Un-hatched Hatching
estID Lay Date ; .
eggs hatchlings no embryo in nest chamber embryos success
5C1 22/3/2010 5 0 1 0 4 0%
7B1 9/4/2010 3 0 3 0 0 0%
6B1 17/4/2010 10 2 5 1 2 20 %
7A1 18/4/2010 4 3 0 0 1 75 %
5D1 19/4/2010 3 0 3 0 0 0%
7B2 23/4/2010 10 0 8 0 2 0%
5D2 27/4/2010 8 3 3 0 2 37.5%
7A2 1/5/2010 6 6 0 0 0 100 %
7A3 1/5/2010 1 1 0 0 0 100 %
7B3 2/5/2010 6 2 3 1 0 33.3%
5D 3/5/2010 0 0 0 0 0 0%
7C 4/5/2010 8 0 8 0 0 0%
5D3 4/5/2010 0 0 0 0 0 0%
7C1 8/5/2010 7 1 2 1 3 14.3 %
7C2 10/5/2010 6 0 6 0 0 0%
7A4 10/5/2010 7 2 4 0 1 28.6 %
6B2 20/5/2010 7 0 7 0 0 0%
5A1 22/5/2010 6 3 1 0 1 50 %
5D4 22/5/2010 1 0 1 0 0 0%
7A5 22/5/2010 8 3 4 0 1 37.5%



Table A5.3.(continued) Summary of clutch data for nests nwad in 2010 (n=57).

Nest ID Lay Date No. Emerged Eggs with Dead hatchlings found Un-hatched Hatching

39€

eggs hatchlings no embryo in nest chamber embryos success
7A6 26/5/2010 5 3 1 1 0 60 %
6B3 26/5/2010 2 1 0 0 1 50 %
5D5 26/5/2010 8 0 8 0 0 0%
5D6 27/5/2010 6 2 1 0 3 33.3%
6B4 27/5/2010 9 3 6 0 0 33.3%
6B5 7/6/2010 4 1 1 1 1 25 %
5A2 8/6/2010 1 0 1 0 0 0%
5D7 9/6/2010 5 0 5 0 0 0%
7B5 11/6/2010 6 1 4 1 0 16.7 %
6B6 18/6/2010 5 0 4 0 1 0%
TA7 18/6/2010 5 2 1 0 2 40 %
6B7 20/6/2010 9 4 5 0 0 44.4 %
5D8 22/6/2010 6 2 1 2 1 33.3%
11A1 22/6/2010 4 3 1 0 0 75 %
7B6 22/6/2010 6 5 0 1 0 83.3%
7A8 23/6/2010 6 0 6 0 0 0%
5D9 24/6/2010 5 0 5 0 0 0%
5D10 25/6/2010 4 0 4 0 0 0%
7A9 28/6/2010 6 4 1 0 1 66.7 %
7B7 29/6/2010 1 0 1 0 0 0%
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Table A5.3.(continued) Summary of clutch data for nests nwad in 2010 (n=57).

Nest ID Lay Date No. Emerged Eggs with Dead hatchlings found Un-hatched Hatching

eggs hatchlings no embryo in nest chamber embryos success
7C3 23/5/2010 5 0 5 0 0 0%
7B4 23/5/2010 1 0 1 0 0 0%
8H1 24/5/2010 1 0 0 0 1 0%
7A10 3/7/2010 3 0 3 0 0 0%
soil berm  unknown 6 0 6 0 0 0%
6B8 9/7/2010 2 0 2 0 0 0%
7C4 9/7/2010 2 0 2 0 0 0%
7B8 13/7/2010 4 1 2 0 1 25 %
7TA11 14/7/2010 6 0 5 0 1 0%
7A12 17/7/2010 2 1 1 0 0 50 %
5D11 19/7/2010 1 0 1 0 0 0%
6A1 22/7/2010 9 0 9 0 0 0%
6B9 22/7/2010 6 1 4 0 1 16.7 %
5D12 27/7/2010 3 1 1 0 1 33.3%
5D13 28/7/2010 2 0 1 0 1 0%
7C5 9/8/2010 2 0 2 0 0 0%
7A13 11/8/2010 4 0 4 0 0 0%
TOTALS: 268 61 165 9 33
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Table A5.4.Summary of clutch data for nests monitored in 207 2).

(Asterix indicates that eggs were removed fromniagt chamber for viability and eco-toxicologicahbses).

N No. Emerged Eggs with Dead hatchlings found Un-hatched Hatching
estID Lay Date ; .
eggs hatchings no embryo in nest chamber embryos success

7A1 16/4/2011 8 0 8 0 0 0%
7A2 19/4/2011 7 1 6 0 0 14.3 %
5D1 19/4/2011 7 0 7 0 0 0%
7A3 20/4/2011 3 0 3 0 0 0%
7B1 21/4/2011 9 0 9 0 0 0%
7B2 21/4/2011 7 0 5 0 2 0%
5D2 22/4/2011 8* 0 6 0 0 0%
5D3 25/4/2011 5 0 5 0 0 0%
5D4 25/4/2011 5 Sakes disappeared; nest location lost
6B1 25/4/2011 8 0 8 0 0 0%
6B2 26/4/2011 3 0 3 0 0 0%
6B3 27/4/2011 5 4 0 1 0 80 %
5D5 29/4/2011 7 4 3 0 0 57.1%
5A1 30/4/2011 3 0 3 0 0 0%
6B4 5/5/2011 4 4 0 0 0 100 %
7A4 8/5/2011 8* 0 6 0 0 0%
7B3 8/5/2011 1 0 1 0 0 0%
7A5 11/5/2011 8* 0 6 0 0 0%
5A2 11/5/2011 8* 0 6 0 0 0%
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Table A5.4.(continued) Summary of clutch data for nests nwad in 2011 (n=72).

(Asterix indicates that eggs were removed fromngagt chamber for viability and eco-toxicologicahbses).

Nest ID Lay Date No. Emerged Eggs with Dead hatchlings found Un-hatched Hatching

eggs hatchings no embryo in nest chamber embryos success
7B5 18/5/2011 T* 0 5 0 0 0 %
5A3 22/5/2011 0 0 0 0 0 0%
5D7 22/5/2011 2 1 1 0 0 50 %
5D8 22/5/2011 4* 0 3 0 0 0 %
7"slope  28/5/2011 8 8 0 0 0 100 %
7C1 28/5/2011 6 0 6 0 0 0 %
5A4 31/5/2011 7 7 0 0 0 100 %
5D9 31/5/2011 o* 0 7 0 1 0 %
7A6 31/5/2011 6 4 2 0 0 66.7 %
7" road 1/6/2011 3 3 0 0 0 100 %
7C2 2/6/2011 5 0 5 0 0 0 %
7C3 2/6/2011 9 0 9 0 0 0%
5D10 2/6/2011 8* 0 7 0 0 0 %
5D11 9/6/2011 6 0 6 0 0 0 %
TA7 12/6/2011 7 0 7 0 0 0%
7A8 12/6/2011 3* 0 2 0 0 0%
7A9 12/6/2011 5 0 4 1 0 20 %
5D12 12/6/2011 6 4 2 0 0 66.7 %
5D13 14/6/2011 7 0 6 0 1 0 %
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Table A5.4.(continued) Summary of clutch data for nests nwad in 2011 (n=72).

(Asterix indicates that eggs were removed fromniagt chamber for viability and eco-toxicologicahbses).

N No. Emerged Eggs with Dead hatchlings found Un-hatched Hatching
estID Lay Date ; .
eggs hatchings no embryo in nest chamber embryos success
5D16 20/6/2011 6* 2 1 0 2 33.3%
7B6 21/6/2011 3 1 0 2 0 33.3%
5D17 21/6/2011 4 Stakes disappeared; nest location lost
7A10 21/6/2011 T* 0 5 0 0 0%
7C4 27/6/2011 5* 3 0 0 0 60 %
5A5 28/6/2011 5* 0 3 0 0 0%
5D18 28/6/2011 4* 1 1 0 0 25 %
5D19 28/6/2011 4 0 4 0 0 0%
6B5 28/6/2011 6 0 6 0 0 0%
7Al11 28/6/2011 6 1 5 0 0 16.7 %
7A12 28/6/2011 5 0 5 0 0 0%
5D20 29/6/2011 5 0 5 0 0 0%
5D21 30/6/2011 10 0 10 0 0 0%
7A13 4/7/2011 6 0 6 0 0 0%
5D22 5/7/2011 6 0 6 0 0 0%
5D23 6/7/2011 6 0 5 1 0 0%
7Al14 6/7/2011 5 2 3 0 0 40 %
6B6 7/7/2011 9 6 3 0 0 66.7 %
5D24 7/7/2011 6 3 3 0 0 50 %



Table A5.4.(continued) Summary of clutch data for nests nwad in 2011 (n=72).

(Asterix indicates that eggs were removed fromniagt chamber for viability and eco-toxicologicahbses).

Nest ID Lay Date No. Emerged Eggs with Dead hatchlings found Un-hatched Hatching

eggs hatchings no embryo in nest chamber embryos success
5D6 16/5/2011 2 0 2 0 0 0%
7B4 16/5/2011 T* 0 5 0 0 0%
5D14 18/6/2011 2 0 2 0 0 0%
5D15 18/6/2011 2 0 2 0 0 0%
6B7 11/7/2011 8 0 8 0 0 0%
5D25 17/7/2011 10 0 10 0 0 0%
5D26 22/7/2011 1 0 1 0 0 0%
! 5D27 1/8/2011 1 0 1 0 0 0%
o 7A15 1/8/2011 6 2 2 2 0 33.3%
7C5 1/8/2011 7 Sakes disappeared; nest location lost
7A16 3/8/2011 7 0 7 0 0 0%
5D28 4/8/2011 5 0 5 0 0 0%
6B8 4/8/2011 3 2 1 0 0 66.7 %
6C1 15/8/2011 3 1 0 2 0 33.3%
5D29 26/8/2011 3 0 3 0 0 0 %
TOTALS: 397° 64 277 9 6

8 hote that1 eggs must be deducted from total (16 due to endoks and 25 due to removal for viability assessrand eco-toxicological analyses)
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Figure A5.23. Temperature (daily ranges and means) at a deit@ ofn for nest 7A1 on the Mid Ocean golf coursevben April 26"
and July § 2010. TSP=Thermo-sensitive Period.
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Figure A5.24. Temperature (daily ranges and means) at a defitB o for nest 5D1 on the Mid Ocean golf coursevben April 28’
and June 202010. TSP=Thermo-sensitive Period.
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Figure A5.25. Temperature (daily ranges and means) at a deptld afn for nest 11A1 on the Mid Ocean golf courseveen June
23%and August 182010. TSP=Thermo-sensitive Period.
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Figure A5.26. Temperature (daily ranges and means) at a defB ofn for nest 7C4 on the Mid Ocean golf courseveéen July 13

Date

and August 30 2010. TSP=Thermo-sensitive Period.
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Figure A5.27. Temperature (daily ranges and means) at a der#B ofn for nest 7B8 on the Mid Ocean golf coursevben July 15

and September™2010. TSP=Thermo-sensitive Period.
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Figure A5.28. Temperature (daily ranges and means) at a depitB ofn for nest 5D5 on the Mid Ocean golf coursievben May 18
and June 302011. TSP=Thermo-sensitive Period.
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Figure A5.29. Temperature (daily ranges and means) at a defitB ofn for nest 6B4 on the Mid Ocean golf courseveen May 18
and July & 2011. TSP=Thermo-sensitive Period.
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Figure A5.30. Temperature (daily ranges and means) at a depith ofm for nest 7B4 on the Mid Ocean golf courssvben May 18
and July 28 2011. TSP=Thermo-sensitive Period.
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Figure A5.31. Temperature (daily ranges and means) at a degB ofm for nest 5D9 on the Mid Ocean golf courssvben June 1
and August T 2011. TSP=Thermo-sensitive Period.
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Figure A5.32. Temperature (daily ranges and means) at a deptld ofn for nest 5D14 on the Mid Ocean golf coursevben June
22"%and August 2 2011. TSP=Thermo-sensitive Period.
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Figure A5.33.Graph showing percent hatching success plottethistgaean temperature during the incubation peioden nests monitored in
2010.



Appendix 6: Supplementary Material to Chapter 6

Table A6.1.Summary of the post-emergence movements for enatdback terrapin hatchlings in August 2010.

Distance moved on subsequent days (m)
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No. days after release #H1 # H2 #H3 # H4 # H5 # H6 # H7 # H8 # H9 #H10
1 21 3 3 35 25 6.6 13.2 12 5 2
2 4 0 15.2 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 8 0 0
4 0 0 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0 0
6 0 0 1 0 0 0 0 2 0 0
7 0 0 0 0 0 0 0 0 0 0
8 0 0 0 0 0 0 0 0 0 0
9 0.6 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0
11 0 0 0 0 13.7 0 0 0.15 0 0
12 0 0 0 0 0 0 0 0 0 0
13 0 0 0 0 0 0 0 0 0 0
14 0 0 0 0 0 0 0 0 0 0
15 0 0 0 0 0 0 0 0 0 0
16 0 0 4.3 0 0 0 0 0 0 0
17 0 0 0 0 0 0.3 0 0 0 0
18 0 0 0 0 0 0.75 0 0 0 0
19 0 0 0 0 0 0 0 0 0 0
20 0 0 0 0 0 0.15 0 0 0 0
21 0 0 0 0 0 0 0 0 0 0
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Table A6.1.(continued) Summary of the post-emergence movesrienten diamondback terrapin hatchlings in Aug@go.

Distance moved on subsequent days (m)

No. days after release #H1 # H2 #H3 #H4 # H5 # H6 # H7 # H8 # H9 #H10
22 0 0 0 0 0 60 0 0 0 0
23 0 0 0 0 0 2.7 WS, RT 0 0 0
24 0 0 0 0 0 4 0 0 0
25 0 0 0 0 0 11 0 0 0
26 0 0 0 0 0 24 0 0 0
27 0 0 0 0 0 3.6 15 0 0
28 0 0 0 0 0 0 16.2 0 0
29 0 0 0 0 0 7 0 NS, RT 0
30 0 0 0 0 0 1.2 0 0
31 0 0 1.2 0 0 19 0 0
32 NS, RT 0 2.1 0 0 12 0 0
33 0 0 0 0 0 0 0
34 0 0 0 0 WS, RT 0 0
35 0 0.5 0 0 0 0
36 0 0 0 0 0 0
37 0 NS, LT WS, RT WS, RT WS, RT 0
38 0 NS 0
39 0 NS 0
40 WS, RT NS WS, RT

Note:

WS = Weak transmitter signal
NS = No transmitter signal

RT = Removed terrapin hatchling

LT = Lost terrapatdhling
Light grey = Rangdatftery life according to manufacturer
rey = Eatial end of battery life according to manufacturer
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Table A6.2. Summary of the post-emergence movements for nahdback terrapin hatchlings in March-April 2011.

Distance moved on subsequent days (m)

No. days after release # H11 # H12 # H13 # H14 # H15 # H16 # H17 # H18 # H19 # H20
1 5.8 8.2 5.8 18.6 55 22.6 2 15.9 3 35
2 0 0 0 0 0.5 1.2 NS, LT 92.4 6.1 3.7
3 0 0 0 0 0 0 1608 0 122.5 1.8
4 45.7 0 0 0 0.3 0 0 7 2.1
5 NS, LT 21.3 0 0 62.8 0 0 8 0.6
6 NS 3.3 0 0 0 1 NS,LT NS, LT 2.1
7 NS 3.5 0 20.1 10.1 15 NS NS 2.4
8 NS 20.7 3.5 12.8 0 0.6 NS NS 1.2
9 NS 0 0 0 0 0.6 NS NS 1.2
10 1 16.8 0 2.1 0 NS NS 0
11 15 0 0 1.8 0 1
12 0.5 14.3 6.7 0 2.4 0
13 0.5 15 0 0 1 0
14 0 0 0 0 0 0
15 6.1 7 10.7 1.8 30.5 0
16 6.1 11 0 0 17 0.3
17 12.8 1.8 NS, LT 5.2 24 0
18 30.5 4.6 NS 11 10 0.3
19 25.6 1.8 NS 22 13.7 0
20 NS, LT 18.6 NS 10 12 0
21 NS 15 NS 0 10 15
22 NS 5.5 0 15 2.7
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Table A6.2.(continued) Summary of the post-emergence movesrienten diamondback terrapin hatchlings in Ma#ghil 2011.

Distance moved on subsequent days (m)

No. days after release # H11 # H12 # H13 # H14 # H15 # H16 # H17 # H18 # H19 # H20
23 NS 0 0 0 0
24 NS 1.8 0 14 1.8
25 5.5 1 6 4.5
26 15 0 0 0
27 1 0 18.3 0.3
28 0 1 WS, RT NS, LT
29 WS, RT 0 NS
30 0 NS
31 WS, RT NS
32
33
34
35

Note:

WS = Weak transmitter signal
NS = No transmitter signal

RT = Removed terrapin hatchling
manufacturer

LT = Lost terrapin hatchling

8§ = Transmitteaked in a regurgitated food pellet
Light grey = Ramjéattery life according to manufacturer
rey tirkated end of battery life according to
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Figure A6.1. Hatchling diamondback terrapin with BD-2 radiorsanitter attached to carapace.
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Figure A6.2. Yellow-crowned night heron with a dead juvenilardondback terrapin in its bill.
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Figure A6.3. Dead juvenile diamondback terrapin that had beeyga upon by a yellow-crowned night heron.
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Figure A6.4. Juvenile (left) and adult female (right) diamondbégerrapins from the Bermuda population showingpace wounds believed to

have been inflicted by herons during earlier attempredation events.



Appendix 7: Supplementary Material to Chapter 7

Table A7.1. Total petroleum hydrocarbons and heavy metals \{@rght values) found in pond sediment, pond gasiis and diamondback
terrapin eggs collected from Bermuda.

Gasoline-range Diesel-range
Samole petroleum petroleum | Arsenic | Cadmium| Chromium| Copper Iron Lead | Nickel Zinc Mercury
P hydrocarbons| hydrocarbons (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg)
(mg/kg) (mg/kg)
sediment - SP(A) 0.77 110.99 31.87 3.96 119.78 66.26 | 12637.36 | 42.20 8.79 64.95 BDL*
sediment - SP(B) BDL* 99.21 28.19 2.13 54.65 34.09 | 5535.43 | 38.35 3.78 3291 BDL*
sediment - SP(C) BDL* 116.35 24.81 4.04 125.00 62.69 | 12884.62 | 38.85 8.27 53.17 BDL*
(O8]
©Q sediment - SP(D) BDL* 108.03 23.80 2.19 59.71 48.10 | 5956.20 | 23.50 5.04 31.53 BDL*
sediment - TP(A) BDL" 37.80 19.04 2.01 37.94 21.63 | 4095.69 | 14.55 3.64 25.22 BDL*
sediment - TP(B) BDL" 67.69 25.15 3.08 71.00 49.15 | 6876.92 | 26.08 5.38 41.77 BDL*
sediment - TP(C) BDL" 78.45 24.57 3.19 61.55 5457 | 6758.62 | 30.43 5.52 49.57 0.19
sediment - ML(A) BDL* BDL? 48.06 BDL® 36.13 94.19 | 3596.77 | 25.48 6.13 56.94 0.27
sediment - ML(B) BDL" 131.58 38.25 BDL® 27.02 112.28 | 2701.75 | 24.91 491 60.35 0.25
sediment - ML(C) BDL* 148.33 56.17 BDL® 38.33 82.00 | 4133.33 | 24.17 5.67 45.33 0.18
sediment - ML(D) BDL* BDL? 56.27 BDL® 41.19 97.31 | 4164.18 | 25.07 5.82 42.99 0.16
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Table A7.1. (continued) Total petroleum hydrocarbons and heaeyals (dry weight values) found in pond sedimeonyd gastropods and

diamondback terrapin eggs collected from Bermuda.

Gasoline-range Diesel-range
Sample petroleum petroleum | Arsenic | Cadmium| Chromium| Copper Iron Lead | Nickel Zinc Mercury
hydrocarbons | hydrocarbons (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg)
(mg/kg) (mg/kg)
sediment - ML(E) BDL* 147.37 45.96 BDL® 27.19 90.53 2543.86 21.93 4.39 47.89 0.21
M. coffeus - ML BDL® 467.51 33.46 47.33 428.71 545.10 224.05 673.13 15.13 1585.84 12.80
H. bermudensis - ML BDL® 226.28 69.03 67.67 289.89 225.23 353.49 295.10 22.00 1325.34 29.93
M. tuberculata - SP BDL® 152.04 66.14 80.96 24451 387.93 138.71 317.40 6.82 597.96 6.82
H. bermudensis - SP BDL® 268.12 36.31 67.21 125.26 129.49 205.49 269.53 23.43 663.62 4.36
Egg 01 BDL® 160.62 25.21 15.86 15.86 66.29 128.61 103.40 1.42 194.62 6.26
Egg 02 BDL® 305.19 27.27 32.53 28.72 120.07 81.31 98.62 2.08 155.71 6.47
Egg 03 BDL® 242.19 13.95 45.18 39.53 72.76 64.78 253.16 1.86 192.69 3.26
Egg 04 BDL® 87.97 35.71 40.98 65.41 95.86 100.75 125.56 2.74 163.16 6.62
Egg 05 BDL® 80.74 27.46 72.95 15.78 87.30 125.00 75.41 1.84 227.70 10.52
Egg 06 BDL® 225.54 5.40 37.05 16.37 68.35 98.56 162.59 2.09 171.94 2.05
Egg 07 BDL® 154.97 18.78 17.68 6.13 68.23 64.92 152.21 1.30 98.62 2.15
Egg 08 BDL® 293.98 39.64 22.13 34.74 105.62 102.41 69.08 1.37 181.53 4.10
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Table A7.1. (continued) Total petroleum hydrocarbons and heaeyals (dry weight values) found in pond sedimeond gastropods and

diamondback terrapin eggs collected from Bermuda.

Gasoline-range Diesel-range
Samole petroleum petroleum | Arsenic| Cadmium| Chromium| Copper Iron Lead | Nickel Zinc Mercury
P hydrocarbons| hydrocarbons (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg)
(mg/kg) (mg/kg)
Egg 09 BDL® 118.87 58.49 86.32 34.58 131.60 147.17 95.28 2.45 151.42 1.65
Egg 10 BDL® 417.88 15.69 12.59 20.66 78.10 86.13 239.05 0.84 166.42 1.79
Egg 11 BDL® 393.30 42.11 31.82 10.05 98.09 107.66 469.86 3.64 112.44 3.21

Notes for Table 7.1.

ML = Mangrove Lake; SP = South Pond; TP = Trotts&

BDL = Below Detection Limit reported as < methodetgion limits set at:

1<0.05 mg/kg

2 <3.0 mg/kg
%<0.012 mg/kg
* <0.0002 mg/kg
®<0.1 mg/kg




Table A7.2. Total polycyclic aromatic hydrocarbons (dry weiglalues) found in pond sediment, pond gastropodsdieimondback terrapin

eggs collected from Bermuda.
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Table A7.2.(continued) Total polycyclic aromatic hydrocarbd@dsy weight values) found in pond sediment, poasdtgppods and diamondback

terrapin eggs collected from Bermuda.
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Table A7.2.(continued) Total polycyclic aromatic hydrocarbd@dsy weight values) found in pond sediment, poasdtgppods and diamondback

terrapin eggs collected from Bermuda.
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Notes for Table A7.2.

ML = Mangrove Lake; SP = South Pond; TP = Trotts&
BDL = Below Detection Limit reported as < methodetgion limits set at:
1<16.1 pg/kg

2<11.7ug/kg

3<22.9 ng/kg

*<20.4 pglkg

® <574 ng/kg

®<20.0 pg/kg

7<17.0 pg/kg

8<12.3 pglkg

°<39.2 pglkg

19<60.5 pglkg

11<10.8 ug/kg

12243.6 pglkg

13<12.9 pg/kg

14<15.1 pglkg

15<15.0 pg/kg

16<7.5 pglkg

17<10.0 pg/kg



Appendix 8: Recovery Plan for Diamondback Terrapinsin Bermuda
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Disclaimer

Recovery plans delineate reasonable actions thdtelieved to be required
to recover and/or protect listed species. We, tepabtment of Conservation
Services, publish recovery plans, sometimes pregathem with the
assistance of field scientists, other governmepadeents, as well as other
affected and interested parties, acting as indepenadvisors to us. Plans
are submitted to additional peer review before they adopted by us, and
formulated with the approval of interested parti@sntioned in Parts Il and
[l of the plan. Objectives of the recovery planllwbe attained and
necessary funds made available subject to budgetadyother constraints
affecting the parties involved. Recovery plans may represent the views
nor the official positions or approval of any inidivals or agencies involved
in the recovery plan formulation, other than oumowhey represent our
official position only after they have been signby the Director of
Conservation Services as approved. Approved reggdans are subject to
modifications as dictated by new findings, changespecies status, and the
completion of recovery actions.

Literature citation of this document should readd®ws: M. Outerbridge,
2013. Recovery Plan for Diamondback Terrapivslaclemys terrapin) in
Bermuda. Department of Conservation Services, Guorent of Bermuda.
48 pages

An electronic version of this recovery plan wilsa be made available at
www.conservation.om

L
D{Wic’r/rr? ST ot

Director Date
Department of Conservation Services
Government of Bermuda
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Executive Summary

Current Species Status:

This recovery plan addresses the need for actionsohserve a native
species of terrapirialaclemys terrapin, in Bermuda. This species is listed
as Vulnerable (EN, B1la, bhiii) as per IUCN criterijder the Protected
Species Act 2003. Diamondback terrapins represesrmBda’s second
naturally occurring non-marine reptile that stilirgves on the island (the
other being the endemic skifkestiodon (formerly Eumeces) longirostris.)
The current terrapin population is estimated to pose approximately 100
individuals>81 mm straight carapace length (SCL).

Habitat Requirements and Threats:

Diamondback terrapins are an inhabitant of the-lan#led, brackish water
pond environment in Bermuda. The entire populat@ndiamondback
terrapins can only be found in four ponds on thel i@icean golf course
located in the eastern parishes of the islandss@®onds are known as
Mangrove Lake, South Pond, North Pond, and Trd®osmd and all four
bodies of water have been incorporated into thd golrse as water
hazards. Neonate and small juvenile terrapins ufjacent mangrove
swamps and grass-dominated marshes as developneatidght; larger
juveniles £81 mm SCL), sub-adult and adult terrapins are fowitdin the
aquatic pond environment. It is thought that th@gple factor which has
led to the limited distribution of diamondback #gins is loss of habitat
through fragmentation of the wetlands in BermudaisTrestriction in
habitat is due to both human development and rapuozesses. Pollution
of ponds has also contributed to the decline argtadiation of available
habitat, as ponds and marshes were historicallg asegarbage disposal
sites, and continue to receive run-off from roadd ¢he surrounding golf
course. In addition to having a limited distributiand a small population,
Bermuda’s terrapin population also suffers from l@eruitment and poor
annual hatching success which lends further sugpattie belief that it is
vulnerable to local extirpation.

Recovery Objective
The main goal of this plan is to increase bothpbpulation level and the
areas of residency for diamondback terrapins inrBiela.

Recovery Criteria:
Down listing of diamondback terrapins in Bermudal viie considered
when:

 The genetic diversity of Bermuda’'s extant populatis fully
understood.

» All current and potential habitats suitable formd@ndback terrapin
growth, reproduction and survival are identifiedsessed, restored
and protected under legislation.

» Diamondback terrapins are viable residents in astléwo separate
geographic locations on Bermuda.
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» Population levels in Bermuda indicate that terragre successfully
maintaining themselves on a long-term basis andvisigpadequate
levels of recruitment.

Actions Needed:
1.

2.

Protect wetland habitats of extant terrapin popamat
through legislation,

Restore protected wetland habitats of current éxtan
population,

Identify, assess, protect and restore wetland dizbit
deemed suitable for diamondback terrapin introduncti
Increase population size through increased hatching
success and recruitment to the adult population,

Expand area of residency through translocation of
individuals raised in captivity,

Identify the full genetic composition of existing
population,

Develop research programmes on understanding the
effects that environmental contaminants have upn t
reproductive biology and overall health of terrapin
Bermuda,

Promote conservation education programmes conagrnin
Bermuda'’s terrapin population,

Continued population monitoring.

Recovery CostsThe total cost of recovery actions cannot be ddfiethis
point. Funding needs to be secured through Non-fBovental
Organizations (NGQO'’s), overseas agencies, and atherested parties for
implementing the necessary research and monitastingdjes on the biology
of the diamondback terrapin. Developing budgetsefach action are the
responsibility of the leading party as outlinedhe work plan.

Date of Recovery Meeting the recovery objectives in Bermuda wdpdnd

on the restoration and protection of available ta®i Down listing will be

considered following ten years of implementatio022), once evaluation
of conservation efforts is complete.
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Part I: Introduction
A. Brief overview

Diamondback terrapinslalaclemys terrapin have been listed as a globally
near threatened species by the International UmasnConservation of
Natural Resources (IUCN). In 2013, diamondbackagns were included
in Appendix Il of the Convention on Internationatafle in Endangered
Species of Wild Fauna and Flora (CITES) in an aterno regulate
international trade so that exports from the natargge are not detrimental
to the species’ survival in the wild. Diamondbaekrapins are endemic to
the coastal wetland environments along the east afahe United States
from Cape Cod in Massachusetts to Corpus Christigras. Their status,
which varies from state to state, ranges from egelad to a species of
special concern. Massive over-harvesting for foodsamption in the late
19" and early 28 centuries lead to huge declines in the North Aczeri
populations, which continue to be affected by tetdibss, predation, crab
trapping activities and commercial harvest for fpatte and human
consumption (Roosenburg et al., 1997; Hart and 2@@6).

Historical accounts of Bermuda’s diamondback temsfirst appear in
writings that date back to the 1950s (D. Wingatapublished notes),
however it was not until 2007 when their origin threse remote oceanic
islands was tested using a combination of palasmgito(fossil, radiometric
and palaeoenvironmental) and genetic data. Theses liof evidence
supported the hypothesis that these terrapins ataral colonizers of
Bermuda, having arrived between 3000 and 400 yagos(Parham et al.,
2008), and represents the second naturally ocgunam-marine reptile that
still survives on one of the most densely populatad heavily developed
oceanic islands in the world (the other is an endeskink). Bermuda is
situated in a part of the North Atlantic Ocean vihiegularly receives spin-
off eddies from the Gulf Stream. These eddies Hmean implicated in the
transport of a great diversity of plants and angrfedm the Caribbean and
eastern seaboard of North America to Bermuda (@Btads 1994; Meylan
and Sterrer, 2000; Grady et al.,, 2001; Sterrerl.et2804), and are most
likely responsible for transporting diamondbacksnadl (Davenport et al.,
2005).

It appears that this Bermudian population is théy amild breeding
population outside of the North American range.réheas been a dearth of
information regarding the health and status of tlgelated oceanic
population. Knowledge of their life history is nesary to make informed
management decisions and was deemed critical $peaies recovery plan.
Consequently, work on this species was initiated 2008 by Mark
Outerbridge of the Bermuda Zoological Society ast paf a Ph.D.
programme. All of the Bermuda data presented is tbcovery plan is the
result of this doctoral investigation.

This recovery plan discusses threats and conservagiforts for
Bermuda’s diamondback terrapins, summarizing nevd g@meviously
unavailable information about their local habitatladietary requirements,
reproductive biology, and threats to survival. Inder to ensure
sustainability of the terrapin population withinBrida, an increase in the
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area of occupancy as well as in population sizedsmmended and deemed
possible through head-starting and translocatiomigiives. The recovery of
the population is heavily dependent on the avditglof suitable habitats,
hence the restoration of selected ponds is a pyiorithis plan. Should all
of this be realized, it may be possible to dowhdismondback terrapins to
a lesser threatened status and/or remove it frenPthtected Species list.

B. Current protection status

Bermuda’s diamondback terrapins are classified deval Il protected

species and declared to be Vulnerable under théed®enl Species Act
(2003). Diamondback terrapins are not harvesteddod in Bermuda or
caught as by-catch in commercial or recreationallfsbh pots, and none of
the ponds have boating traffic, however, the areaviich the terrapins
reside is currently, and has also historically héeravily impacted upon by
other anthropogenic activities. There have beendpportunities for range
increase, due in great part to the restriction abitat availability. The

fragmentation of the wetland habitat in Bermudag @he very limited

distribution of the terrapins, makes this species/wulnerable to human
impact.

Legal Protection

The Protected Species Amendment Act (2@&hhsiders it an offence for an
unauthorized person to willfully damage, destrayurie, disturb, uproot,
fell, kill, take, import, export, sell or purchaadevel Il protected species or
any part of a level 1l protected species. Offendeesliable, on summary of
conviction, to a fine of $15,000 or one year of ilpnment.

Habitat Protection

Mangrove Lake, Trott's Pond and North Pond havenbedesignated as
‘nature reserves’ under the 2008 Bermuda Developridsn; however,
South Pond is currently zoned as a ‘recreatiored’dFig. | in Appendix).

C. Taxonomy and description of species

Class: Reptilia (reptiles)

Order: Testudines (turtles, terrapins & tortoises)
Family: Emydidae (pond turtles)
Genus:Malaclemys

Speciesterrapin

Common name: Diamondback terrapin

Diamondback terrapins belong to the Family Emydidakarge and diverse
group of reptiles collectively known as ‘pond tes! that are naturally
found throughout North America, much of Europe, ambtward into
Russia, the Near East, and North Africa (MeylarQ&0They are the only
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member of the genuslalaclemys. Seven subspecies of diamondback
terrapin are currently recognized, which have lgeided into northernNl.

t. terrapin, M. t. centrata) and southern\. t. tequesta, M. t. rhizophorarum,

M. t. macrospilota, M. t. pileata, M. t. littoralis) populations with Merritt
Island, Florida, providing a break between the thamyever, genetic studies
do not fully agree with the existence of these pabges (Lamb and Avise,
1992; Hart, 2005; Hauswaldt and Glen, 2005).

Diamondback terrapins are small to medium sizetetithat show
distinctive shell and soft tissue markings; howewbese markings vary
greatly throughout their range. The carapace €&y oblong in shape and
possesses a mid-dorsal keel which is more visdiked, or knobbed, in the
southern subspecies. Carapace colour is highhabaribut usually of earth
tones ranging from light olive and brown to darlown and black. The
carapace is also marked with concentric growth sriigat are most
pronounced on younger individuals (Fig. 1 top),nrevhich this species
gets its common name, but disappear with age. Tbelar depressions that
these rings make extend below the veneer of eadle smd are imprinted
upon the dorsal surface of the underlying boneshef carapace. The
plastron, in contrast to the carapace, is more hhyigcoloured with
yellowish or orange hues and can be either plaepipearance or smudged
with varying amounts of dark blotches. Sometimesyédver, the plastral
scutes can have a dark base colour with lighteyurhil edges. The plastral
scutes may also show growth rings. These ringanauli, have been used
by some researchers to estimate the age of indilsd$eigel, 1984; Tucker
et al.,, 1995; Gibbons et al., 2001); however tl@shhique remains a
contentious method of aging terrapins and manyeatrat it is not possible
to use it on older individuals whose rings haveppeared with the passage
of time (Morreale, 1992; Gibbons et al., 2001). rSkblour also varies
throughout the range, but is generally shadesayf gith dark spots, flecks
or lines (the latter having not been observed m Bermuda population)
(Fig. 1 bottom).

Diamondback terrapins show sexual dimorphism; withles being
considerably smaller than females and having ptapwlly smaller heads,
but wider and longer tails with a cloaca situatedterior to the edge of the
carapace when the tail is fully extended.

The diamondback terrapin carapace normally feat@&shamed
scutes:- one nuchal, five vertebrals, four pairscos$tals (also known as
pleurals), eleven pairs of marginals, and two stgudals. The plastron is
normally composed of twelve named scutes; one pach of gular,
humeral, pectoral, abdominal, femoral, and anatesciBoth carapace and
plastron are joined by a bridge. Variations in tivenber of vertebral, costal
or marginal scutes are not uncommon, and may ievalv extra, split, or
distorted scute. These variations are believed ¢o chused by high
incubation temperatures (Wood and Herlands, 19%flaidds et al., 2004)
and possibly embryological exposure to petroleuaderoil and polycyclic
aromatic hydrocarbons (Van Meter et al., 2006).
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Figure 1. Photographs of a typical diamondback terrapin fRenmuda
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D. Current status

Global distribution

Diamondback terrapins are endemic to the Atlantid &ulf Coasts of the
United States of America, whose range extends adr6sstates from Cape
Cod, Massachusetts, in the north to Corpus Chilistias, in the south (Fig.
3). Their distribution across this range is nottowrous, but rather consists
of fragmented populations concentrated in a lifaahion along the coast.
Five of the seven subspecies occur within Florida,which three are
considered to reside exclusively in that state. fbahern diamondback
terrapin, Malaclemys terrapin terrapin, ranges from Cape Cod in
Massachusetts to Cape Hatteras in North Carolinhe TCarolina
diamondback M. t. centrata, ranges from Cape Hatteras southwards to
Volusia County in Florida. The Florida East Coasntbndback,M. t.
tequesta, ranges from Volusia County to Miami-Dade Courdag, well as
possibly into the upper Keys in Monroe County. Timeangrove
diamondback M. t. rhizophorarum, occurs in Monroe County from Fort
Myers to Florida Bay and throughout the Florida Eeynd the Marquesas.
The ornate diamondbackl. t. macrospilota, occurs from Florida Bay to the
western part of the Florida Panhandle in Walton ri@puThe Mississippi
diamondbackM. t. pileata, ranges from western Choctawhatchee Bay in
Okaloosa County, Florida, westwards through théestd Louisiana. The
Texas diamondback\. t. littoralis, is found from western Louisiana to
Corpus Christi in Texas (Ernst et al., 1994; Buderal., 2006). The only
geographic region where diamondback terrapins apjeenaturally reside
outside of their North American range is in Bermuda
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Gulf of Mexico
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Ornate diamondback terrapin
Malaclemys terrapin macrospilota

Northern diamondback terrapin
Malaclemys terrapin terrapin

Mississippi diamondback terrapin
Malaclemys terrapin pileata

Carolina diamondback terrapin
Malaclemys terrapin centrata

Texas diamondback terrapin Florida East Coast diamondback terrapin
Malaclemys terrapin littoralis Malaclemys terrapin tequesta

Mangrove diamondback terrapin
Malaclemys terrapin rhizophorarum

Figure 2. Map illustrating the range-wide distribution of ethseven
recognized diamondback terrapin subspecies (addpbed Butler et al.,
2006; Lee and Chew, 2008).

Local distribution

The entire Bermuda population of diamondback ténsas found only in
four brackish water ponds named Mangrove Lake,SBond, North Pond,
and Trott’'s Pond. All four bodies of water are ated upon a single square
kilometer of Bermuda and are only separated froohesher by, at most,
380 meters of land. These ponds are located ornvat@rgolf course, the
Mid Ocean Club, located in Smith’s Parish at theterm end of the islands
(Figs. 3 and 4). Mangrove Lake and Trott's Pond thee largest of these
ponds (approximately 10 ha and 3 ha respectivelgrea) and both are
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simple basins fringed by red mangrove trd@szophora mangle and
characterized by shallow depths (averaging 1.4 th2ai@ m respectively)
with bottoms comprised of deep deposits of highhganic sediment
(Thomas et al., 1991). North Pond and South Poacansiderably smaller
in area (both approximately 0.4 ha) and lack margregetation; however
both have small marshes in their centers dominbyedrasses. Mangrove
Lake, South Pond, North Pond, and Trott's Pond Hasen incorporated
into the golf course as water hazards found betwbkerfifth and twelfth
holes. No diamondback terrapins have been discdvarany other bodies
of water on Bermuda despite a series of extensiedlamd community
surveys conducted between 2004 and 2007 (Outesbratgal., 2007a;
Outerbridge, 2008).

Figure 3. Aerial photograph of Bermuda showing the locatioih the
diamondback terrapin ponds.
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permission)

Figure 4. Aerial photograph from 2003 showing the diamondberapin
ponds situated on the Mid Ocean golf course (A=Nawg Lake, B=Trott's
Pond, C=South Pond, D=North Pond)

Mangrove Lake

Mangrove Lake is currently the largest of Bermudaackish water ponds
and is believed to have formed during the last Q,Qears through the
action of dissolution of calcium carbonate fromheitrock or sand, thereby
creating a depression that gradually filled witlitvgater as the seas rose
(Watts and Hansen, 1986; Thomas, 2002). It is aplsimbasin
approximately 10 ha, in area fringed almost exekigi by red mangrove
trees Rhizophora mangle and characterized by shallow depths, averaging
only 140 cm, fairly even contours and a gently slgpshoreline. The pond
bottom comprises deep deposits of highly organ@insents, from which
widgeon gras®Ruppia maritima grows in dense clumps. Mangrove Lake is
often subject to considerable changes in dissolweghen, temperature,
salinity and nutrient levels (Thomas et al., 1994 Jew small subterranean
fissures ensure that ocean water still enterspibingl from the south shore;
however, it has a small tidal range of 1.4 cm (Thsrat al., 1992). Average
mid-water temperatures ranged between 15.6°C (Repruand 30.3°C
(July); surface salinities between 26 practicainggl units (psu) (January)
and 35.7 psu (August) (Outerbridge, unpublished)d&iangrove Lake and
the surrounding land are owned by a variety of gigvindividuals and
organizations. The pond is mostly owned by the ®dskPoint Club, but
the surrounding land is owned by the Mid Ocean Clile Bermuda
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National Trust, and a number of private individuatso live adjacent to the
pond.

Trott's Pond

Trott’'s Pond is also partially situated on the Mddean golf course. It is
approximately 3 ha in area and formed between Imis®®cene sand dunes
that were inundated by postglacial seas. Over tieghwater slowly eroded
away the depression creating fissures through whatwater enters from
the south shore as the sea level rose around Bernludtt's Pond is
currently a simple basin characterized by fairhalklw depths, with the
deepest part at its centre. It has fairly even aanst and a gently sloping
shoreline (Thomas et al., 1992). The connectiothéoocean is small and
located at the surface, giving Trott's Pond a vemall tidal range of 1.5
cm. Rainfall and surface run-off from the surroungdarea usually doesn'’t
mix with the saltwater below, but instead floatsaadistinct layer on top,
eventually draining off through the surface conimec{Thomas, 2002). The
pond bottom comprises deep deposits of highly docgaediments. The
mean depth in Trott's Pond is 269 cm; the maximuas 820 cm. Average
annual surface water temperatures range from 1623{#/- 4°.8 C) and
salinities vary from 24-34 psu (+/- 2.6 psu) (Themetal., 1991). Trott's
Pond shares many species in common with neighbpwiangrove Lake
including the mangrove oystdsognomon alatus, the Bermuda Killifish
Fundulus bermudae and the coffee bean snailelampus coffeus. The
shoreline of Trott’'s Pond is fringed almost engirbY red mangrove trees.

South Pond

South Pond is much smaller than Mangrove Lake antt’'$ Pond and was
deliberately dredged to create a golf course wasaard in the 1990s. A
land bridge separates this pond into two distiratibs of water; the moat-
like pond to the north and a smaller pond to th&ttsoThese two bodies of
water are collectively known as South Pond and amam combined area
of approximately 0.4 ha. Mangrove trees are nosgme at this site, but
there is a small 0.3 ha marsh located in the caritthe larger pond, made
up predominantly of saw grag€dadium jamaicense, and to a lesser extent
cattail Typha angustifolia. The emergent vegetation that grows around the
perimeter of South Pond is exclusively sheathedpglasn Paspalum
vaginatum which is periodically trimmed by the agronomy staffthe Mid
Ocean Club. Widgeon gradluppia maritima grows seasonally within
South Pond, and the pond bottom is comprised dflyigrganic sediment.
The mean depth in the larger pond is 35 cm, whilke $maller pond
averages 81 cm. Average annual mid-water tempesatur 2011 ranged
between 15.7 °C (Feb) and 29.8°C (August). Thenggplof South Pond is
much lower than in neighboring Mangrove Lake anotfls Pond. Salinities
in the larger pond ranged between 4.8 psu (Manoti)16.8 psu (July) while
in the smaller pond they ranged between 7.8 psuiljAgmd 18.7 psu (June)
(Outerbridge, unpublished data). The water levetsy vconsiderably
according to the amounts received through rainfatid in periods of
drought it is not uncommon for some areas to drgarppletely.
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North Pond

North Pond is approximately the same size as Seatid €a. 0.4 ha), is a
naturally occurring pond, and has also been ingatpd into the golf
course. Mangrove trees are also not present asiteishowever, there is a
narrow band of marshland located in the pond whgldominated by
sheathed paspalui. vaginatum. As with all of the other diamondback
terrapin ponds, North Pond’'s bottom is comprised hajhly organic
sediment. Mean depth of water is 30 cm. Mean mitemgmperatures are
only available for a 6 month period in 2010, andged between 15.6°C
(February) and 31.1°C (July). The salinity in thand is slightly lower than
in neighboring Mangrove Lake and Trott's Pond, higher than South
Pond. The mean mid-water salinities in 2010 rarggtd/een 7.8 psu (April)
and 18.7 psu (June) (Outerbridge, unpublished data@ water levels in
North Pond vary considerably according to the an®ueaceived through
rainfall, and in periods of drought it is not unaown for large areas of the
pond to dry up completely.

E. Ecology

Habitat requirements

Diamondback terrapins have a life cycle comprisedistinct phases that
have different habitat requirements. Adult and adbk terrapins have need
of brackish bodies of water in which they feed, enahd, for populations
residing in cooler regions, brumate (the reptikaquivalent of hibernation);
mature female terrapins require sandy substratedgrlaying; hatchlings
and small juveniles require dense vegetation wigidws adjacent to the
adult aquatic environment to forage, grow and hfdem predators.
Examples of this vegetation include salt marsh ggasSartina spp. in
North America andPaspalum vaginatum and Cladium jamaicense in
Bermuda) and red mangrovd#{zophora mangle).

Diamondback terrapins are the only species ofietuthat have
specialized to inhabit the tidal salt marsh andiaste environment along
the Atlantic and Gulf coasts of North America (eapastal marshes,
mudflats, river estuaries, tidal creeks, brackialgobns, and mangrove
swamps). They exhibit unique physiological and béral adaptations that
enable them to live within these habitats (Cowa®71t Gilles-Baillien,
1973; Cowan, 1990; Davenport and Macedo, 1990; Hadt Lee, 2006).
Bermuda’s extant terrapin population, howevergstnicted to the brackish
water pond environment. The present day saline sp@wid ponds in
Bermuda vary both in size and in structure. Neally date back in
formation to the Holocene era (approximately 10,8@ars ago.) The
sporadic addition of freshwater into these pondkee directly in the form
of rainfall or indirectly as surface run-off, meamsat salinities vary
throughout the year. They are generally slightlwdo than that of pure
seawater, but do show predictable seasonal patt&imes primary factor
influencing salinity is the size and location oétnderground connections
each pond has with the ocean. Pond size, depthvande, the size and
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nature of the connections to the ocean, the rateshwater inflow, and the
tidal exchange of seawater all influence the hydipgic characteristics of
each pond. Bermuda’s marine ponds generally hakiehabiota. Species
richness increases with increasing physical stgtdind diversity of habitat.
Thus ponds having submerged rock substrata, andabursubmerged
mangrove root community along the periphery of guand, and bottom
sediment show greater diversity than ponds thatufeasedimentary
substrata only (Thomas et al., 1992).

Physical factors

The most important factor influencing physical digbin the saline ponds
is the amount of tidal exchange (Thomas et al.,219%emperature and
salinity are dependent upon the amount of sea whtgrenters from the
ocean, thus ponds close to the sea with relatikzglye connections have a
higher flushing rate, narrower ranges of salinityd atemperature and
therefore provide a more stable environment tharsehof ponds further
from the sea. The mean ocean tidal range in Berrisudaly 75 cm, but is
greatly reduced in the ponds where there are nesteictions to tidal flow.
While proximity to the ocean and the nature of tm@nections influence
salinity level, the locations and sizes of thedensder inlets in relation to
the tide level also affect the flushing rate. Safistratification can occur in
poorly mixed ponds, or where the connection to gba is in the deepest
part, due to the different densities of fresh aaftwater, although this
phenomenon is unlikely to occur in very shallow ge&nThomas et al.
(1991) described the physical characteristics efsiix largest saline ponds,
including Mangrove Lake and Trott's Pond. Surfaaén#ties ranged from
6.5 to 42.5 psu and the temperatures varied froi°1® 37.5°C. More
limited data exists for Bermuda'’s freshwater poriasyever, it appears that
salinity and temperature also follow predictableassmal patterns.
Evaporation, coupled with the sporadic additiofrehwater either directly
as rainfall or indirectly as surface run-off, tygily via storm drains from
neighboring roads, means that surface salinitiesraage from 0 (totally
freshwater) to 12 psu (brackish water.) The smatl ahallow nature of
most of these ponds means that temperatures canvaltg greatly from
10.6°C to 34.6°C (Outerbridge, unpublished data)shallow pond will
show greater temperature range because it can rgehaat more rapidly
with the atmosphere (e.g. North Pond).

Biological factors

Bermuda’s brackish and marine ponds all have desyhiz deposits of
highly organic sediments and are subject to larganges in dissolved
oxygen, temperature, salinity and nutrient levedsuface run-off from
surrounding land transports particulate matter plasht nutrients into the
ponds. Fringing mangrove trees are a common feafuteese saline ponds.
These trees constantly drop leaves that slowly mpose, forming a highly
organic layer on the pond bottom that enhancedése of the food web.
Due to their small physical size and accumulatedinsents, the saline
ponds are usually quite shallow. Because of tmigjiant light levels at the
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bottom can be high, despite the fact that thesedpare typically very
turbid due to the high levels of suspended orgaraterial. Plants, however,
do not usually grow on the deeper bottoms of thedpalue to the unstable,
anoxic environment created by the decompositiath@forganic matter. The
levels of dissolved oxygen also vary consideralgiydeen ponds as well as
diurnally and seasonally. Daytime photosynthesis sapersaturate pond
water with oxygen while the consumption of oxygemmght from fishes
and microbial life on the sediment can reduce orylggels to zero, at least
in patches, resulting in transitory night-time ai@oxAnoxic events are
routine in some of the poorly flushed anchialinegi® in summer and are
partly responsible for their low species diversityhich is typically much
reduced below that of open water marine habitatsoiffas and Logan,
1992). The biotic characteristics of Bermuda’s oage highly variable.
Pond size, volume, and physical stability, as w&elthe stochastic nature of
species’ colonization and the ability of these sg®to adapt and survive in
the ponds are all factors responsible for thisdgmlal variability. One of
the curious features of the ponds is that thergréat variability of biota
amongst the ponds. Quite often a species is foandnly one or a few
ponds and few species occur in all ponds.

General biology

The annual activity cycle of adult diamondback @pms from northern
populations is one that generally begins with emecg from winter-
induced brumation during the spring. Emergenceuiskty followed by a
period of courtship and mating. Nesting soon fooand often lasts for
many months during which females can deposit maltgutches of eggs
(Seigel, 1980b; Goodwin, 1994; Roosenburg and Demhd997).
Diamondback terrapins are believed to have a vemgllshome range
(Lovich and Gibbons, 1990; Gibbons et al., 2001d®&a et al., 2005) and
some mature females are known to return to the sa@sting beaches
annually (Jeyasuria et al., 1994). The incubatierigal and the sex of the
developing embryos are determined by the incubdgamperatures; cooler
temperatures produce male offspring while warmenpieratures produce
female. Hatchlings will, upon emergence, typicalbek refuge within the
closest vegetation and show avoidance of open Wteger, 1977; Lovich
et al.,, 1991). Very little exists in the literatuadout the life history of
hatchlings and juveniles from the time they deplagt nest to the time that
they recruit to the sub-adult population. Growthmsest rapid during the
first few years after hatching, but then slows damaensiderably after sexual
maturity has been attained (Tucker et al., 1995d9Rnburg and Kelley,
1996). Diamondback terrapins usually enter brunmatio November and
December and remain in that state either buriedeidiment or beneath
undercut banks through February or March the fahowyear (Yearicks et
al., 1981; Seigel, 1984); however, some populationsFlorida were
observed to be active on warm days during the witart, 2005). The
lifespan of diamondback terrapins in the wild haer estimated to be
approximately 20 years (Seigel, 1984), but may dastong as 40 years in
captivity (Hildebrand, 1932).
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Population biology

The results of a three year mark and recaptureepui2008-2010) suggest
that the adult and sub-adult population of diamamdtbterrapins presently
living on Bermuda comprises approximately 100 indinals. The recapture
rate in this population was relatively high ovee ttensus period (60.6%),
and coupled with the fact that 99 individuals weaptured and marked (64
mature females, 22 mature males, 13 juveniles)estgghat the estimate
may be very accurate. The Bermuda population isidaed by females
(3:1), whichranged in size 116-196 mm straight carapace le(§@L
notch-to-notch) (mean 158 mm; SD 22.6 mm) and 234B1grams (mean
720 g; SD 285.8 g). Males ranged in size from 189-inm SCL (mean
122.7 mm; SD 8.2 mm) and 200-350 grams (mean 281SD 47.1 g); and
juveniles ranged in size from 81-108 mm SCL (me&m®n; SD 9.5 mm)
and 95-215 grams (mean 168 g; SD 42.6 g). Thirtyr fout of 99
individuals (34.3%) showed carapace scute anomalies most common
anomalies were extra vertebral scutes (15.2% fregyueof occurrence),
extra costal scutes (15.2% frequency of occurrerae)l extra marginal
scutes (18.2% frequency of occurrence). The meanamecruitment rate
to the adult population throughout the three yesmmsos period was two
terrapins; one new recruit was encountered in 2008,in 2009 and none
in 2010. The density of diamondback terrapins imneda is estimated to
be 6.0 terrapins/ha (Outerbridge, unpublished pata.

Information on the population biology of diamondkaerrapins in
their North American range shows variation in rgkltbody sizes, sex
ratios, estimates of population size and densigo$enburg et al. (1997)
reported a population estimate of 2778-3730 indiald in the Patuxent
River Estuary of Chesapeake Bay; Seigel (1984)nastid populations of
213 and 404 at two sites in east central FloridagdHet al. (1979) suggested
that as many as 1655 terrapins inhabited the Ca@aegk salt marsh in
Delaware; Butler (2002) reported a population o4 Bierrapins were found
to be using a northeastern Florida nesting beawth;Hart (2005) estimated
the Big Sable Creek population within the Evergkadéational Park in
southwest Florida to be 1545 individuals. It isiéetd that the total number
of diamondback terrapins in North America may exice#00,000
individuals (van Dijk, 2011). Density estimates tdrrapins in North
America are less available in the literature, bateweported to range from
53-72 terrapins/ha in central Florida (Seigel, )9&Ex ratios in terrapin
populations vary from being strongly female bias€seigel, 1984,
Roosenburg et al., 1997) to being male biased (ltoaind Gibbons, 1990).
Hart (2005) reported that the sex ratio in the Baple Creek population
was 1:1. Female terrapins can reach carapace o288 mm range wide
in North America; males 140 mm (Ernst et al., 1994)

Reproduction
Bermuda’s population of diamondback terrapins tgjyc commences

mating in February-March and begins egg layingate IMarch or early
April, with peak egg laying observed in May and duNesting is known to
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occur through the summer until late August. Therage clutch size is five
eggs (range 0-10) and incubation (length of timavben egg deposition
and first hatching) takes 49-83 days (mean 61.8)d&ermuda’s terrapins
exhibit delayed emergence, with as many as 44% hef hatchlings
remaining buried in their natal nests during thatei months. The majority
of nesting appears to occur within the sand bunkarshe fifth, sixth and
seventh holes of the Mid Ocean golf course (mosablyp the fifth and
seventh), although some nesting has been obsemnvédt ibunkers on the
eighth, ninth and eleventh holes as well. Additlpnaesidents along the
shoreline of Mangrove Lake have reported terrapigsting occasionally in
the soil of flower beds and vegetable gardens eir tproperties (Fig. 6).
Nest densities in Bermuda are higher than thoserteqh in the literature,
reaching as many as 2,784 nests/ha (bunker oretlemth hole, 2011). The
overall nest density in the bunkers on the Mid @cé&alf course for 2010
and 2011 was calculated to be 347/ha and 443/pacteely (Outerbridge,
unpublished data.) The reason for these high dessis believed to be
primarily due to limitations in suitable nestingbitat. The mean depth of
nest chambers was 13.7 cm (range 11-16 cm), the m&dh was 6.7 cm
(range 5-9 cm), and the mean depth of sand oveiothenost eggs was 9.6
cm (range 7-13 cm). Terrapin eggs in Bermuda randength from 29.6-
46.5 mm (mean 35.6 mm, SD 2.1 mm); width from 1BB®G mm (mean
21.8 mm, SD 1.4 mm); and mass from 7-16 mm (meai a0n; SD 1.5
mm). These biometrics fall well within the publishmean egg dimensions
throughout the North American range (Butler et2006). As a general rule
of thumb, the northern subspecies of terrapinshetxbimaller eggs sizes but
larger clutches than those subspecies found isdbh.

The overall annual hatching success of Bermuda'apa eggs
from 2009-2011 was 19%, despite the complete alesehmest and egg
predators. A pilot study initiated in 2009 revealadvery low hatching
success rate (18%). Of the eggs that did not h&sh,70%) appeared to
show no evidence of embryonic development and1s#%4) contained dead
embryos in various stages of development. The tvsaitching success for
57 monitored nests (collectively containing 268 €gduring the 2010
nesting season was 21%. A total of 61 hatchling®erged, 165 eggs
(61.6%) appeared to show no evidence of embryoeieldpment, 33
(12.3%) contained dead embryos in various stageewlopment, and nine
(3.4%) contained fully formed dead hatchlings - gnasf which had
managed to break through the shell, but all fateduccessfully emerge
from their nest chambers. Twenty six of the 57 $1€46.6%) produced at
least one hatchling; however 31 nests (54.4%) dil produce any
hatchlings (i.e. experienced total failure). In 20the overall hatching
success for 69 monitored nests (collectively contai 356 eggs) was
17.6%. A total of 64 hatchlings emerged, 277 egf)s8%) appeared to
show no evidence of embryonic development, six%).¢ontained dead
embryos, and nine (2.5%) contained fully formeddleatchlings. 30.4% of
the monitored nests produced at least one hatchtiogyever 69.6% nests
did not produce any hatchlings (i.e. experiencéal tailure) (Outerbridge,
unpublished data).

Hatchling emergence was also studied to quantiéypibst-hatching
nest residency periods. Emergence periods (defazethe time between
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hatching and full emergence from the nest) rangemh f1-219 days. Two
distinct emergence patterns were documented; Jalgl@r (during which
the mean emergence time was 31.4 days), and Jaklaach (during which
the mean emergence time was 188.1 days). No enwrgess observed in
November and December. A similar pattern was oleskiv 2011 and 2012.

The observed annual hatching rates in Bermuda ave inh
comparison to regions which experienced no mammalépredation within
the North American range; Feinburg and Burke (208&)orted 93%
hatching success during the 1980s when raccoons alesent within the
Jamaica Bay Wildlife Refuge and Roosenburg et28108) reported a mean
hatching success rate of 92.7% at a study site idlegb mammalian
predators in Maryland. Nest depredation by smalimmals has been
identified as a significant source of egg mortailityNorth America (Burger,
1977; Feinberg and Burke, 2003) however, none ef Bermuda nests
monitored in 2009, 2010 or 2011 experienced any aeysredation.

Nesting ecology in North America shows variabilityoughout the
terrapin range. Females mature at ages of 4-13% \(&aigel, 1984; Lovich
and Gibbons, 1990; Roosenburg, 1991a), with tho$ke northern parts of
the range taking longer to reach sexual maturigntthose in the southern
range. Males mature at much younger ages of 2-Tsy@zagle, 1952;
Seigel, 1984; Lovich and Gibbons, 1990; Lovich let 8991; Roosenburg,
1991a; Gibbons et al., 2001). The nesting seaspicalyy begins in late
April and ends in late July for terrapins in Fl@i¢Seigel, 1980b; Butler et
al., 2004), while the nesting seasons in the exremarthern range are
restricted to only June and July (Burger and Moedehi, 1975; Lazell and
Auger, 1981; Goodwin, 1994; Jeyasuria et al., 19®inberg and Burke,
2003). In Louisiana, egg laying may occur as |lat&aptember (Burns and
Williams, 1972).

Terrapins are reported to nest on sand dunes, égactd along the
sandy margins of marshes and islands (Burger andtévecchi, 1975;
Burger, 1977; Seigel, 1980b; Roosenburg, 1994).dSanthe preferred
nesting medium as it allows for sufficient gas exwde to occur between
the developing embryo and the environment (Roosgnid®94). Nest sites
are generally flat (which facilitates the postutiest females assume during
digging and egg deposition) with low vegetative exoywhich minimizes
the destruction of the nests via mammalian andtptant predation.)
Diurnal nesting appears to be the standard for rteysapin populations
(Burger and Montevecchi, 1975; Seigel, 1980b; GanddQ94), however
nocturnal nesting has been documented in some giyms (Auger and
Giovannone, 1979; Roosenburg, 1992). Clutch singas from 4-22 eggs;
northern subspecies have the greatest mean ciaehaf approximately 16
in Rhode Island (Goodwin, 1994) and 13 in MarylgRbosenburg and
Dunham, 1997), while those in Florida have meantchlusizes of
approximately seven (Seigel, 1980b; Butler, 200B¥timated nesting
densities range from 0.52/ha in Massachusetts (Aagel Giovannone,
1979) to 157.1/ha in New Jersey (Burger and Mordelvie 1975), to
1125/ha in Maryland (Roosenburg, 1994).

Terrapins exhibit temperature-dependent sex detation (TSD)
whereby the ambient temperature of the nest mediifiects the sex of the
developing embryos. The thermo-sensitive perioé (tiost critical period
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for sexual development) has been identified as rfgdle third of the
incubation period, and eggs that have been adiljcincubated at constant
temperatures between 24-27°C produced male hagshliwhile those
incubated at 30-32°C produced all females (Ewerd &telson, 1991,
Jeyasuria et al., 1994; Roosenburg and Kelley, 1996 temperatures that
produce mixed sex ratios in a nest are believdaet@d8.5-29.5°C (Jeyasuria
et al., 1994; Roosenburg and Place, 1994), howeygs that are incubated
at constant temperatures of 35°C or higher fail Hatch entirely
(Cunningham, 1939). TSD has been suggested as befagtor in biased
sex ratios observed in some terrapin populatiorsvilh and Gibbons,
1990; Ewert and Nelson, 1991). Incubation peridtie time it takes for
eggs to develop and hatch) vary from 50-120 day®léw Jersey the mean
incubation period was reported to be 76.2 days d8ur1977), while
terrapins on the east Florida coast had a meandoefi65.6 days (Seigel,
1980c). Hatching occurs from early August throughntid-October in
northern terrapin populations (Burger, 1977; Robseg, 1991b), and from
early July to early October in some Florida popalzd (Butler et al., 2004).
Emergence periods (the time hatchlings spend iméis¢ prior to leaving it)
show tremendous variability throughout the rangatchlings may depart
hours after hatching (Roosenburg and Kelley, 19®6}hey may spend
months over-wintering in the nest chamber and eentrg following spring
(Lazell and Auger, 1981; Roosenburg and Kelley, 61 ®hker et al., 2006).
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Figure 5. Map illustrating diamondback terrapin nesting \dtfi
encountered during the 2010 and 2011 surveys. Résl répresent nests
with egg clutches; yellow dots represent nestirignapts. (A=Mangrove
Lake, B=Trott's Pond, C=South Pond, D=North Pond).

Diet and feeding

Diamondback terrapins are carnivorous and seldgtfeed upon a variety
of marine molluscs and crustaceans (namely periesnicrabs, mussels and
clams) within the salt marsh and mangrove ecosystdmoughout their
North American range (see reviews in (Butler et2006; Ernst and Lovich,
2009). They also show resource partioning wheradiiduals with wider
heads (the largest females) consume larger snadsceabs than those
terrapins that possess smaller heads (Tucker ,e1295). Terrapins have
been identified as an important component of thehic dynamics of the
salt marsh ecosystem (Silliman and Bertness, 2D82enport, 2011).

The foraging ecology of Bermuda's terrapins waswrad using a
variety of methods (direct observation, necropsyl daecal analyses).
Faecal analyses, and to a limited extent necropsesaled that Bermuda’s
terrapins are consuming a wide variety of marine mrestrial food items,
but show preference towards pond gastropods. Hueéncy of occurrence
of each food item is as follows; aquatic gastrop@tiseobops bermudensis,
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Melanoides tubercul ata, Melampus coffeus) occurred in 66.7% of the faecal
samples, while plant material (primarily mowed grdmit also saw-grass
seedsCladium jamaicense) occurred in 33.3% of the samples. Terrestrial
arthropods (e.g. bees, beetles, isopods, millipedegerpillars, ants)
occurred in 14.3%, fish bones and fish scales oedun 11.9%, and cane
toad bonesRhinella (formerly Bufo) marinus) occurred in 4.8%. Reptile
bones Malaclemys terrapin), bivalves [sognomon alatus) and polychaete
worms @renicola cristata) occurred in 2.4% of the faecal samples
respectively. Additionally, 73.8% of the terrapiis this study excreted
sediment, supporting the observation that manypéms are ingesting the
sediment found on the bottom of the ponds (Outegeri unpublished data.)
Some of the plant material (especially the moweakg)r may have been
ingested inadvertently while grazing upon inversebs and the animal prey
is believed to have been consumed as carrion. ddagating has been
reported in a New Jersey population of terrapina¢Eand Werner, 2004).
The sediment consumption is also believed to beviedent since the
targeted food itemsM. tuberculata and H. bermudensis, are benthic
gastropods that inhabit areas rich in detritus sittd(Dundee and Paine,
1977; Roessler et al., 1977). The occurrence akderal arthropods is
believed to be from terrapins encountering and stigg arthropods that
have fallen into the ponds rather than as a resulterrapins actively
foraging within the terrestrial environment.

Habitat usage

Adult and sub-adult terrapins in Bermuda appeap&nd most of the time
within the aquatic environment; however their abamze varies seasonally.
Monthly head count surveys were conducted at SBetid (following the
methods described in Butler, 2002) for a five ménperiod each visit. The
results show that the number of observed terragimopped during the
winter months (Fig. Il in Appendix). Brumation ogsuwwithin the benthic
sediment of Mangrove Lake and under the embankroér@outh Pond
(Outerbridge unpublished data). Direct observatiod the results from the
mark-recapture surveys indicate that Bermuda'sapens move freely
between the various ponds, traversing overland.

Radio-telemetry was used in August 2010 and Agfilll to
investigate the survival rate, post hatching movenamd habitat usage of
hatchling diamondback terrapins in Bermuda. Tensmaitters (BD-2 model
from Holohil Systems Ltd.) were attached to theapaces of ten newly
emerged hatchlings in both years following the rmodtbescribed by Draud
et al (2004). The hatchlings were released in $amkers on the fifth and
seventh holes and tracked on a daily basis forua to five week period.
The results from the August 2010 session revediatiupon release all of
the hatchlings moved immediately to the edge of hbhekers and either
buried into the sand or crawled under the graswiggat the edge of the
bunkers. Eight of the ten hatchlings remained calecein these locations
throughout the survey period; however two made majoves over the
open fairways into the mangrove and saw-grass rearsfordering the
ponds. The results from the April 2011 tracking ss&s, in contrast,
revealed that virtually all of the hatchlings quicknoved away from the
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sand bunkers and headed towards the mangrove dreksnarsh grasses.
These areas appear to be critical for the develapnoé Bermuda’s
hatchling and juvenile terrapins. The high level sgring-time activity,
however, also makes hatchlings vulnerable to apradation, especially by
yellow crowned night heronslyctanassa violacea.

Young terrapins in the U.S.A. have been reportesetk refuge within
dense mats of vegetation and debris above meanwagér levels in salt
marshes and tidal mudflats (Pilter, 1985; Lovichakt 1991; Roosenburg,
1991a).

F. Current threats

Diamondback terrapins have been listed as a glphatlar threatened
species by the International Union for the Cons#owa of Natural
Resources (IUCN). Their status, which varies frof 4fate to state, ranges
from ‘endangered’ to ‘a species of special conc€Hart and Lee, 2006;
Lee and Chew, 2008). Massive over-harvesting fodfoonsumption in the
late 19" and early 28 centuries led to huge declines in the North Anzeric
populations, which continue to be affected by hahbivss, predation, crab
trapping activities and commercial harvest for petde and human
consumption (Roosenburg et al., 1997; Hart and [2886; Ernst and
Lovich, 2009). The incidental capture and drowniof terrapins in
commercial and recreational traps designed to chlicd crabs along the
Atlantic and Gulf coasts continues to threaten sdemeapin populations
(Roosenburg, 1992; Hoyle and Gibbons, 2000), arsl grampted some
states to require the use of by-catch reductioncde(BRDs) on crab traps
in order to minimize terrapin by-catch (Wood, 19%4rt and Lee, 2006).
Road associated mortality of nesting females hss béen identified as a
significant threat in some terrapin populations @&f@and Herlands, 1997).
Diamondback terrapins are presently not harvestetbbd in Bermuda, nor
are they caught as by-catch in commercial or reioma crab traps;
however they are threatened with habitat fragmemtat pollution,
predation, and to a limited extent, motorized vigsi@and human collection.

Lack of suitable habitat

Perhaps the greatest constraint to increasingatigerof Bermuda’s terrapin
population is a lack of suitable wetland habitauntan activities have
caused nearly all of Bermuda’s wetlands to fragnaemt decline through
deleterious habitat modification. Since the islandolonization humans
have filled, dredged, drained, denuded, and palltiie ponds, marshes, and
mangrove swamps in an effort to create more ariald, residential and
commercial building sites, as well as waste dispsises. During the period
of marsh reclamation by garbage disposal (1920-19iK@ ponds totaling
1.6 hectares were completely filled in. Widesprdesinage of marshes was
employed as part of the mosquito control methodkerfirst half of the 20
century as health officials attempted to preverg Hpread of malaria.
Records indicate that in the 1 entury approximately 127.5 hectares of
freshwater ponds, marshes and swamps existed,sesytieg 2.4% of the
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total land area of Bermuda. It has been estim&adduring the 1970’s 100
tons of garbage was dumped daily into the Pembpaksh marsh complex
(Sterrer and Wingate, 1981). By 1980 Bermuda'altiveshwater wetland
area had been reduced by 65% to only 58.9 hedféhesnas, 2004). It has
been suggested that the most concentrated destrugtBermuda’s wetland
communities occurred between 1941 and 1943 when @R%e island’s
total mangrove acreage was destroyed on LongbiddSanDavid’s Islands
by the construction of the American-operated Kigdikir Force Base
(Sterrer and Wingate, 1981). Historical writingsoab Bermuda’'s natural
history fail to mention diamondback terrapins ag & the herpetological
fauna (Jones, 1859; Jones and Goode, 1884; Agd895, Hurdis, 1897;
Verrill, 1902, 1903; Verrill et al., 1903), thusgwenting an estimate of the
former population size and also making the formestrihution of the
Bermuda population unclear.

A lack of suitable nesting habitat has also beesntified as a
current constraint to the long term growth of tlogyation. Presently there
are a few high-density nesting areas on the fiftkth and seventh holes of
the Mid Ocean golf course that are frequented bwraypredators (most
notably the yellow crowned night herdWyctanassa violacea) and offer
little in the way of shading to the incubating egdRoosenburg and Place
(1994) suggested that preserving only high-dens#gting areas which
favour the production of one sex over the other matyadequately maintain
a viable terrapin population. Instead the authecommended that a wide
variety of nesting micro-habitats is necessary taintain balanced sex
ratios.

Pollution

Pollution is considered to be a relatively new #iréo diamondback
terrapins. Recent investigations into the healthtust of the pond
environment in Bermuda suggest that there is a afitcontaminants of
concern that are having detrimental effects orrélsedent fauna (Fort et al.,
2006; Fort et al.,, 2006; Bacon, 2010; Bacon et aD12). These
contaminants include petroleum hydrocarbons - ngngelsoline-range
organics (TPH-GRO) and diesel-range organics (THROR polycyclic

aromatic hydrocarbons (PAH) and heavy metals. Emtry the wetlands
comes through storm-water run-off from adjacent dveays, aerial
deposition and leachate from nearby landfills amdugd-water sources.
Ponds located within and adjacent to golf coursesamnong the most toxic
wetlands in Bermuda (J. Bacon personal communicatidVater and
sediment from three of the four diamondback pondsot{s Pond,

Mangrove Lake, and South Pond) were collected avadyzed in 2009 by
Fort Environmental Laboratories. Results showed #flathree ponds had
highly contaminated sediment (Bacon and Fort, 20I03sue residue
analyses from cane toad®h{nella marinus), mosquitofish Gambusia

holbrooki, killifish Fundulus spp., and red-eared slidefsachemys scripta

elegans collected from a variety of contaminated wetlandsoss Bermuda
have showed that petroleum hydrocarbons, polycychcomatic

hydrocarbons and heavy metals are being accumulatetl inducing
developmental malformations, endocrine disruptidiver and gonad
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abnormalities, and immunological stress (Bacon02®@kacon et al., 2012).
Diamondback terrapins are known molluscivores tghowt their North
American range (Tucker et al., 1995), and invesibga into the feeding
ecology of Bermuda’'s diamondback terrapins havevshihat they are also
consuming small gastropods, which are known biatadators of toxic
compounds along with large quantities of benthidireent (Outerbridge,
unpublished data). Terrapins in the U.S.A. accutaeube@avy metals in liver
and muscle tissue (Burger, 2002), accumulate PAHggs (Holliday et al.,
2008), and have been used as bio-indicators of@mwiental contaminants
in salt marsh ecosystems (Blanvillain et al., 20B3sile et al., 2011),
however the long-term effects of such exposure uaenown. Evidence
indicates that total petroleum hydrocarbons (paldidy the diesel-range
organics) as well as polycyclic aromatic hydrocahamost notably
fluorene, pyrene, chrysene and benzo(a)anthracand) heavy metals
(including lead, cadmium, zinc and mercury) arengeaccumulated by
aquatic gastropods and diamondback terrapins imBeéa (Outerbridge
unpublished data).

Predation

Terrapin nests and hatchlings are preyed uponviage variety of predators
throughout the North American range. Predatorsubtelsmall mammals
(raccoons, skunks, foxes, rats) and birds (gulisws, herons), as well as
ghost crabs, ants, and plant roots (most notabhe dirass) (see review in
Ernst and Lovich, 2009). Adult terrapins (particlyanesting females) are
also occasionally preyed upon by raccoons (Seitfg0a; Feinberg and
Burke, 2003). Draud et al (2004) reported that Mw@rway rat Rattus
norvegicus was a major predator on hatchlings and juveniBs4l mm
SCL) in a New York population, but perhaps the tgsterrapin predator is
the raccoon which has been responsible for desgo87-99% of nests in
various regions in North America (Roosenburg, 199inberg and Burke,
2003; Butler et al., 2004).

Yellow crowned night herons have been identifiedaasignificant
predator to hatchling and juvenile terrapins inrBeda. This species was
observed preying upon ten neonate terrapins ambegetergent pond
vegetation in South Pond over a four week peridsvéen 8:00 and 18:00
hrs in the spring of 2010. Subsequent radio-telgmatvestigations
suggested that yellow crowned night herons mayebpansible for at least
40%, and possibly up to 70%, of the mortality otchdings within one
month of emerging from hibernacula. Furthermorés gpecies of heron
may remain a predator to neonate terrapins forethyears following
hatching (Outerbridge, unpublished data).

Motorized vehicles

Observations made between 2009 and 2012 indicatetl hatchling

terrapins are occasionally run over by motorizetisles (golf carts, law
mowers, trucks, etc.) operating on the Mid Ocealh gaurse. This source
of mortality is thought to be low, but each yearidg the survey period at
least one hatchling was discovered crushed uporcdine paths between
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Mangrove Lake and South Pond. It is believed thay tare accidentally
killed by motorists unaware of their presence anritad as they wander in
search of the wetland vegetation that borders tmel@ Road mortality has
been identified as a major source of death among &male terrapins in
parts of their North American range. Adult femadee killed every nesting
season as they search for alternative nesting aitdsghway embankments
along the Atlantic coast of New Jersey. During weseyear period, over
4,000 terrapins were discovered as road kill dunmgfine patrols at one
study site (Wood and Herlands, 1997).

Human collection

Anecdotal evidence suggests that some diamondieaicpins in Bermuda
have been removed from ponds as pets. The totabewrof terrapins
currently kept in captivity by members of the gexigrublic is unknown.
This activity is of concern as it removes valuabldividuals from the local
breeding population.

Commercial interest in diamondback terrapins resdiigh in the
U.S.A. This interest is largely driven by the petde industry, and most
specimens are exported to Asian markets where Iiegstcan sell for US$
50-100 (Anonymous, 2013).

G. Current conservation action

Artificial incubation of terrapin eggs collectedoin the wild was first
attempted at the Bermuda Aquarium Museum and Zodl984. The
hatching success was very limited (only four eggslpced hatchlings out
of 18 eggs collected from three different clutches)d three of the
individuals (one died) were subsequently kept aspldy at BAMZ for a
number of years (R. Marirgaers. comm.) Egg incubation was re-attempted
in 2012 during which 74 eggs were collected from nests located in the
sand bunkers between the fifth and seventh holeth@rMid Ocean golf
course. Thirty three eggs (44.6%) developed intichiags, of which 29
were subsequently released into the wild (four iatgs died in captivity
shortly after hatching).

Raising awareness about the vulnerable statussofrdgile oceanic
population is on-going, with organized public amt/gte lectures occurring
throughout the calendar year. Bermuda’s terrapa Heatured in several
local newspaper articles, in local and internationagazines as well as on a
local television documentary. A representative fr@armuda has been
actively participating in the triennial Diamondbat&rrapin Working Group
symposia since 2007 and maintains open dialogule th# south-eastern
regional group (to which Bermuda is a member).
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Part Il: RECOVERY

A. Recovery goal

The principal aim of this Recovery Plan is to irage both the population
level and the areas of residency for diamondbackpes in Bermuda. The
short term goal (five years) is to continue to sesk the biology and
ecology of Bermuda’'s diamondback terrapins, as vesl assess the
suitability of appropriate habitats and ensure rtipgotection, in order to
promote effective management. The long term gdaly€ars) is to increase
the population levels and range of Bermuda’s ténsapenhancing natural
recruitment and restoring wetland habitats.

B. Recovery objectives and criteria
Favorable conservation status will be achieved when

 The genetic diversity of Bermuda’'s extant populatis fully
understood.

» All current and potential habitats suitable forrd@ndback terrapin
growth, reproduction and survival are identifiedsessed, restored
and protected under legislation.

» Diamondback terrapins are viable residents in atléhree separate
geographic locations throughout Bermuda.

* Population levels in Bermuda indicate that terragre successfully
maintaining themselves on a long-term basis anavistgpadequate
levels of recruitment.

These overall objectives translate into specifigaés outlined below:

Short-term target (five yearsJio ensure that by 2018 all studies necessary
for development of effective management will be ptete, and that both
species and habitat will be protected under legisia Habitats will be
identified as “Critical Habitat” and designated sasch under law, should
they be considered crucial to the recovery of theciges. This short-term
goal includes examining the impact that environmkpbllution has upon
terrapin health and additional investigations ttedmine sources of threats
to their survival. During this time, the identifican and assessment of
“health” status of current and potential habitail e conducted.

Long-term target (30 yearskollowing the habitat assessments, restoration
of habitats deemed suitable for diamondback temsapiill lead to the
potential to increase both the area of occupandypapulation within each
pond. Artificial egg incubation and head-startinfy lmtchlings may be
needed to achieve this long-term goal. Monitoring efforts will be
necessary to evaluate survival and growth of nestablished populations,
and determine their self-sustainability.
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C. Recovery strategy

The species addressed in this recovery plan arertdly restricted in both
population size (approx. 100 individual81 mm SCL) and range (total area
of residency is less than 1 KmBermuda’s wetlands are easily impacted
upon by physical disturbances (e.g. developmehgnical processes (e.g.
fertilizer, pesticide, herbicide and road run-ofirh surrounding lands) and
ecological processes (e.g. encroachment of invageeies). In the case of
the ponds on the Mid Ocean golf course, these ieivare primarily via
course maintenance which results in disturbancefagmentation of the
various habitats required during each stage ofifineycle (e.g. nesting and
juvenile developmental habitats.) The strategyéaovery revolves around
the protection of wetland habitats, the assessmkttieir “health” status,
namely sediment and water quality, their remedimitiosome cases, and in
the active intervention required for increasing fipecies distribution to a
greater range. The selection of ponds for transilmtas critical as habitat
quality appears poor in several areas, based amopgesediment analyses
and toxicological examination of red-eared slidgrsBaconpers. comm.).
This further drives the need for habitat protectmin“healthier” ponds,
controlling as much as possible input from exteswlrces. It is believed
that contaminants appear to be entering some of pibreds through
groundwater, atmospheric deposition and/or roadoftifBacon et al.,
2013). Predator control should be seasonally enspldg order to reduce
hatchling mortality and increase recruitment to #sting population,
stock enhancement via artificial egg incubation aragtive rearing of
hatchlings should be considered as a tool for tktabéishment of
populations in sites considered adequate, and ssict growth and
survival of the species further ensured via le¢gsldabitat protection.

D. Tools available for strategy

One tool is to seek collaboration with partneritagbns that already have
experience in successful research and conservativities. In 2011
Bermuda, through a regional representative (MO)xabe a life-time
member of the Diamondback Terrapin Working Grouficlv is a body of
people and organizations committed to researchsezoation management
and education efforts that benefit terrapin popoitest and their associated
ecosystems. Terrapins are an ideal species foriveapearing as
demonstrated by the Wetlands Institute in New Jevdgch has a 20 year
history of successfully incubating eggs and headisg young
diamondback terrapins (Wood and Herlands, 1997]aHdds et al., 2004).
Additionally, there is information available on thevels of contaminants,
such as heavy metals, pesticides, pharmaceutidals| petroleum
hydrocarbons (TPHs) and polycyclic aromatic hydrboas (PAHs) for
some of Bermuda’s ponds, including South Pond, tBroPond and
Mangrove Lake. Sediment analyses and red-earedrslissue analyses
have been conducted, providing data on suitahfityelected ponds and the
health of their resident sliders. Necropsies odesi from a number of
ponds have also indicated abnormalities in repriddeitissue and should be
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taken into consideration when planning future ti@cetion programmes.
All of this data is documented by Drs Jamie BacBarfnuda Zoological
Society) and Douglas Fort (Fort Environmental Lalbories Inc.)

E. Step-down narrative of work plan

Abbreviations:

DCS - Department of Conservation Services
DPW — Department of Public Works

Parks — Department of Parks

Planning — Department of Planning

DEH - Department of Environmental Health
AG - Attorney General's Chambers

MOC — Mid Ocean Club

BZS — Bermuda Zoological Society

BNT — Bermuda National Trust

BAMZ — Bermuda Aquarium Museum and Zoo
USGS - United States Geological Survey
FEL — Fort Environmental Laboratories

The actions needed to achieve recovery are asvsllo

1. Protect wetland habitats of extant terrapin popartat
through legislation,

2. Restore protected wetland habitats of current éxtan
population,

3. Identify, assess, protect and restore wetland &izsbit
deemed suitable for diamondback terrapin introduncti

4. Increase population size through increased hatching
success and recruitment to the adult population,

5. Expand area of residency through translocation of
individuals raised in captivity,

6. Identify the full genetic composition of existing
population,

7. Develop research programmes on understanding the

effects that environmental contaminants have upn t
reproductive biology and overall health of terrapin

Bermuda,

8. Promote conservation education programmes cona@grnin
Bermuda’s terrapin population,

9. Continued population monitoring.
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1. Protect wetland habitats of extant terrapin popartethrough
legislation.

Actions proposed:
» Designation of Mangrove Lake, South Pond, NorthcdRon
and Trott's Pond as “critical habitat” for Bermusla’
diamondback terrapins.

Work team: DCS

Team leader: DCS

Assistance: AG

Outputs: Legislation for habitat protection

List of equipment required: GPS for boundary deimn, GIS
mapping applications.

2. Restore protected wetland habitats of current éxtapulation.

Actions proposed:

» Diversify and increase the area of nesting habitat,

* Increase the area required for neonate and juvenile
development (including the establishment of temapi
corridors between nest sites and wetlands),

* Produce habitat management and landscaping gudelor
land owners bordering the ponds,

» Create buffer zones between road drains and ponds,

* Initiate remediation of select ponds where appsadpri(e.g.
use of diatomaceous earth to bind pollutants innsewot,
cyclically plant and remove vegetation known to abs
pollutants and increase the activity of indigendateria
that are capable of metabolizing pollutants),

* Monitor sediment and water quality in South PonartN
Pond, Mangrove Lake and Trott’'s Pond.

Work team: DCS, MOC, DPW and collaborative instdnt for
sample analyses

Team leader: DCS

Assistance: BZS, BNT and private land owners

Outputs: Creation of a more terrapin-friendly eowmment that
promotes long-term population stability.

List of equipment required: Beach sand for creatannesting

habitat, funding required for laboratory analyséssediment and
water samples.
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3. Identify, assess, protect and restore wetland &shikeemed suitable
for diamondback terrapin introduction.

Actions proposed:

» Survey all of Bermuda’'s wetlands for suitable e)gan
habitats,

» Designate identified wetlands as “critical habitat’
diamondback terrapins,

* Produce habitat management guidelines for terrapins

* Remove red-eared sliders from wetlands identifiesl a
suitable for terrapin introduction,

* Initiate remediation of select ponds where appsdpri(e.g.
use of diatomaceous earth to bind pollutants innsewot,
cyclically plant and remove vegetation known to abs
pollutants and increase the activity of indigendateria
that are capable of metabolizing pollutants).

Work team: DCS, Parks, DPW, Planning and AG
Team leader: DCS

Assistance: BNT, DEH and private land owners
Outputs: Creation of a greater diversity of temafpiendly
wetlands that promotes long-term population stigbili

List of equipment required: Boat, traps and baitle capture of
feral red-eared sliders.

4. Increase population size through increased hatchingess and
recruitment to the adult population.

Actions proposed:

* Reduce and control predators (e.g. yellow-crowngttn
herons and rats), especially during periods of Hiatg
emerge, in areas where hatchlings and small juwenil
terrapins reside,

* Increase ground cover between nest sites and wstlan
establishing terrapin corridors using natural vatgen,

* Relocate terrapin nests from areas subjected tpédm
disturbance (i.e. sand bunkers on golf course)réasa
subjected to less disturbance,

« Initiate an artificial egg incubation and head-Stayr
programme.

Work team: DCS, MOC

Team leader: DCS

Assistance: BZS, members of the public

Outputs: Enhancing population size of natural stcakd
engaging community in preservation of threatendiv@a
species.
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List of equipment required: Egg incubator, headtistg tanks,
rat poison.

5. Expand area of residency through translocationdividuals raised
in captivity.

Actions proposed:
* Assess requirements for most favorable transfers of
captive raised individuals to suitable wetlands,
* Introduce juvenile terrapins into suitable wetlanids
equal sex ratio,
* Monitor populations via a mark-recapture programme.

Work team: DCS

Team leader: DCS

Assistance: Members of the public

Outputs: Assessment of terrapin populations foliavi
translocation, increasing range of occupancy atithiging
survival of the species, data on terrapin requirgséor optimal
growth and survival.

List of equipment required: Boat, traps and baitciapture of
diamondback terrapins.

6. ldentify the full genetic composition of existinggulation.

Actions proposed:
» Continued collection of tissue samples,
* Analysis of collected samples

Work team: DCS and USGS

Team leader: DCS

Assistance: Dr. Kristen Hart (USGS)

Outputs: Determination of genetic diversity of extpopulation in
Bermuda and a population level genetic scientifibligation.

List of equipment required: Boat, traps and baitciapture of
diamondback terrapins and funding required for tatmy fees.

7. Develop research programmes on understanding fibetethat
environmental contaminants have upon the reprogeitiiology and
overall health of terrapins in Bermuda.

Actions proposed:

» Collect terrapin blood samples for hormone and henetal
analyses,
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» Monitor red-eared sliders at select locations &arapsy and
tissue analyses for metals, total petroleum hydhmoes
(TPHSs) and polycyclic aromatic hydrocarbons (PAHS).

Work team: DCS and collaborative institution forcrapsies, tissue
and blood sample analyses (FEL)

Team leader: DCS

Assistance: Graduate student for research studies

Outputs: Determination of eco-toxicological effectis terrapins in
Bermuda and a scientific publication.

List of equipment required: Boat, traps and baitdapture of sliders
and terrapins, funding required for laboratory fees

8. Promote conservation education programmes conegeBenmuda’s
terrapin population.

Actions proposed:

» Create and post cautionary and interpretive sigrestge
relevant locations on the Mid Ocean golf courset tha
explains the natural history of terrapins as wallthe
threats facing the species (e.g. turtle crossiggssiat
locations on the cart paths adjacent to MangroveelLa
and South Pond),

» Perform periodic presentations to public on thelagpo
and conservation of Bermuda’s terrapin population,

» Publish scientific papers based upon researchrigsdin
addition to annual management plan progress reports

Work team: DCS, MOC

Team leader: DCS

Assistance: BZS

Outputs: Engaging community in preservation ofveti
terrapins.

List of equipment required: Text and image materiat signage
9. Continued population monitoring.

Actions proposed:
* Monitor all terrapin populations via a mark-recaptu
programme.

Work team: DCS

Team leader: DCS

Assistance: Volunteer interns

Outputs: Comprehensive assessment of existing evadtablished
populations.
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List of equipment required: Materials for populatisurveys (boat,
traps, bait, calipers, spring scales.)

F. Estimated date of down listing

It is anticipated that it will take at least fivears to identify and restore key
habitats for Bermuda’s terrapins, and one yearompete the first head-
starting and translocation initiative. Diamondbatgtrapins are a slow
growing, long-lived species therefore programmesehibped to aide in their
recovery need to recognize that there may be latayd before favorable
responses can be detected. It is only once impitadeactions are
evaluated that down listing (or removal) of thi®sies will be considered,
following assessments of population distributiond ahabitat quality
monitoring. Re-assessment of this species shouttbbe every ten years.
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Part Ill: IMPLEMENTATION

Priority 1: An action that must be taken to prevent extinctioto prevent
the species from declining irreversibly.
Priority 2: An action that must be taken to prevent a sigmiickecline in the
species population/habitat quality, or some otfggiicant negative impact

short of extinction.

Priority 3: All other action necessary to provide for full reeoy of the

species.
Priority | Task | Task description Responsible
# # Party
1 Protection of wetland habitats of
extant population
1 Designation of current sites as DCS, AG
‘critical habitat’
1 Restoration of wetland habitats of
extant population
2 Diversify and increase the area of | DCS, MOC
nesting habitat
3 Increase the area required for DCS, MOC
hatchling and juvenile development
4 Produce habitat management DCS
guidelines
5 Create buffer zones between road | DPW
drains and ponds
6 Initiate remediation of select ponds| DCS
where appropriate
7 Monitor sediment and water quality DCS
2 Identification and assessment of
additional wetland habitats for
translocation
1 Survey for suitable expansion DCS
habitats
2 Designate identified wetlands as | DCS, AG
‘critical habitat’
3 Produce habitat management DCS
guidelines
4 Remove red-eared sliders DCS
5 Initiate remediation of select ponds| DCS, DPW
where appropriate
2 Enhance population numbers
6 Control predators DCS, MOC
7 Increase ground cover between nesMOC
sites and wetlands
8 Relocate terrapin nests DCS
9 Initiate an artificial egg incubation | DCS, BAMZ

and head-starting programme
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Expand area of occupancy through
translocations

S

10 | Assess requirements for successful DCS
transfers

11 Introduce captive raised juvenile | DCS, BAMZ
terrapins

12 Monitor populations DCS
Research genetic composition

1 Collection of tissue samples DCS

2 Analyses of collected samples DCS, USG
Research into effects of
contaminants

3 Collect terrapin blood samples DCS

4 Monitor red-eared sliders at select | DCS, FEL
locations
Promote conservation education

5 Create and post cautionary and DCS, MOC
interpretive signage

6 Continue public presentations DCS

7 Publish scientific papers and annualDCS
reports
Continued population monitoring

8 Monitor all terrapin populations DCS

437



APPENDIX
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Figure |. Development base zones for the area inhabited daynBda’s
population of diamondback terrapins (adapted frioen2008 Bermuda Plan)
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Figure 1. Diamondback terrapin head count surveys in 20102411 at
South Pond.
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