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The Value ofEx Situ Cetacean Populations in Understanding
Reproductive Physiology and Developing Assisted
Reproductive Technology forEx Situ and In Situ Species
Management and Conservation Efforts

J. K. O’Brien
Sea World and Busch Gardens Reproductive Research Center, U. S. A.
Faculty of Veterinary Science, University of Sydney, Australia

T. R. Robeck
Sea World and Busch Gardens Reproductive Research Center, U. S. A.
SeaWorld Parks & Entertainment, U. S. A.

Wild cetacean populations have uncertain futurethénface of shifting climate conditions and the
continued encroachment of their unique ecosystenhligan activities. Core conservation efforts
focus on habitat protection and understanding titeral ecology of a species, but such efforts are
incomplete without a comprehensive understanding gpecies’ physiologyex situ populations of
cetaceans provide a unique opportunity to collbig physiological data, and thereby serve as an
important component of any conservation effort. $hstainability of captive cetacean populations is
in turn dependent on a thorough understanding forkictive physiology, and such research has
facilitated the development of assisted reprodectachnology (ART). ART, specifically gamete
preservation for genome resource banking, artifioemination and sperm sexing, has been used to
significantly enhance the genetic, reproductive andial management ax situ cetaceans. For
endangered cetaceans and other marine mammals wilRJermit the establishment of permanent
repositories of valuable genetic material which Ildobe used to maximize their reproductive
potential and maintain the species’ genetic ditgrsin approach that, when combined withsitu
conservation efforts, may prevent their extinction.

Cetaceans have been held in aquaria for centunéglly as novel
curiosities in private collections, then for displa a zoological setting (reviewed
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by Reeves & Mead, 1999). The goals of modern zacdbgnstitutions are very
different to those of their predecessors, whose gotpose was for public display.
Zoological institutions have since become coopegatiperations, unified in their
efforts toward global species conservation throtighdevelopment of sustainable
populations, and by conducting and/or supportisgaech and education programs
bothin situ andex situ Integration of conservation programs throughouttiple
scientific disciplines (i.e., ecology, genetics,ygpiblogy, anatomy, behavioral
biology) form the basis of most species managemmygrams being implemented
today. In view of the significant threats to maramvironments, an understanding
of a species physiology, including their reproduetphysiology, is of paramount
importance to their long-term conservation in thikew

The majority of cetaceans housed in zoologicalirsgdttoday represent
two different taxonomic families, Delphinidae andoihbdontidae. The most
common species of Delphinidae in aquaria is théddrmaise dolphinTursiopssp.),
with the AZA managed North American region comprisi’88 animals (Dudley,
2008). Well recognized but less common delphiniglsl vorldwide in aquaria are
the killer whale Orcinus orca = 41 individuals, B. Andrews, personal
communication), the Pacific white-sided dolphiragenorhynchusbliquidens =~
119 individuals, Robeck et al., 2009) and the faldeer whale Pseudorca
crassidens;23 individuals; Robeck & Arai, unpublished dataheTonlyex situ
population of Monodontidae is the belud2e(phinapterudeucag, with a world
captive population of approximately 95 individua{B. Andrews, personal
communication). With the exception of the bottlema®Iphin,ex situpopulation
sizes of cetaceans are small and animals arebdistd, often disparately relative
to sex and age, across numerous facilities. Cotiperaesearch and breeding
programs are therefore necessary to generate iiceht robust information and
understand species-specific reproductive mechanihis knowledge can then be
used to enhance natural breeding programs withstadsistrategies such as
artificial insemination (Al).

Of the predominant species of cetaceans in aguhgapecies whose wild
counterparts have the most concerning status ibehega. Though the status of
this arctic and subarctic dwelling species was dpated from vulnerable to near
threatened in 2008 (Jefferson et al., 2008), thruladion trend remains unknown,
and a subpopulation of beluga, whose habitat iihak Inlet in Alaska, has been
classified as critically endangered in responsmudtifactorial impacts of habitat
change and subsistence hunting (Lowry, 2006). IUioidulation evaluations of
killer whales are recognized as being data deficererall (IUCN, 2008), but
similar to the beluga, a subpopulation of the ggmcihe southern resident killer
whale stock in the Pacific Northwest, has beeredishs endangered under the
Endangered Species Act (National Marine Fishermwi€e, 2008). Although the
pressures ofin situ populations remain distinctly different to that afiimals in
aqguaria, both groups require monitoring and songgedeof intervention to ensure
they are healthy and sustainable. As their naemaironment continues to change,
the future success of situ and ex situ populations of cetaceans are reliant on
continued research across the spectra of sciedifaplines associated with their
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biology. This review will describe both the curresthtus of reproductive research
and assisted reproductive technology developmenbalogical-based cetaceans
and their potential and realized impactdositu andex situspecies conservation.

Reproductive Research
Female and male reproductive biology

Due to the nature of their aquatic habitat, it &t possible to collect
biological samples or conduct examinations on wihdrine mammals at a
frequency adequate to characterize a species’ daptive physiology.
Observations both in the wild and in aquaria, oédoing and subsequent
parturition, enabled initial estimates of reprodiet seasonality, age of
reproductive maturity and gestation length, foraatipular species. However, the
high tractability ofex situ cetaceans, in conjunction with operant conditignin
programs and advancing monitoring technologies dascribed below), has
enabled scientists to garner definitive informati@am such reproductive
characteristics as well as reproductive cycle lengt

With appropriate conditioning, cetaceans can bendch for biological
sample collection and ultrasonographical reprodactiract examination on a
voluntary basis. Sample types such as blood (Egrnell et al., 1987; Duffield,
Odell, McBain, & Andrews, 1995; Yoshioka, Aida, &MHyu, 1986), urine (e.g.,
Robeck et al., 2005a ; Walker et al., 1988), milkett et al., 2000) and feces (e.g.,
Biancani, Da Dalt, Lacave, Romagnoli, & Gabai, 20B8ve been collected and
analyzed for longitudinal hormone monitoring stedi©perant conditioning of
cetaceans has also facilitated reproductive reBeand management programs
through the collection of semen (e.g., Schroed&eder, 1989), body temperature
data (e.g., Katsumata, Furuta, Katsumata, WatartabEeaya, 2006a; Terasawa,
Yokoyama, & Kitamure, 1999) and reproductive tramtaminations using
transabdominal ultrasound (e.g., Brook, 2001; Bro#&knoshita, Brown, &
Metreweli, 2000).

Early studies using post-mortem material providedorimation on
reproductive anatomy in cetaceans (e.g., HarrisdRidgway, 1971). The advent
of endocrine monitoring using immunoassays, and #dity to perform
longitudinal serial sample collections and ultrasgmaphical reproductive tract
examinations in live animals, has since led to eateudescriptions of female
(Table 1) and male (Table 2) reproductive chareties for several species of
cetaceans. Urinary hormone monitoring has provitted most information on
female reproductive physiology due to the high tiestcy (up to multiple samples
per day) and non-invasive method under which sasnpés be collected. When
combined with ultrasound monitoring, urinary horra@ssays have revolutionized
our understanding of estrous cycle dynamics foes#\cetaceans and has revealed
characteristics unique for each species. For exanpleinman, O’Brien, and
Robeck (2007) provided the first evidence of featide-induced ovulation in a
cetacean species using serial urinary hormone pramitand ovarian ultrasound.
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Female and male reproductive research providesn@euof benefits to
captive breeding programs. Ovarian ultrasound eanlithte controlled natural
breeding via peri-ovulation introduction or sepanabf males and females (Brook
& Kinoshita, 2005). Endocrinological analyses inngmction with ovarian
ultrasound provide more definitive information thaftrasound alone on the
appropriate timing of controlled breeding effortsAds (e.g., Robeck et al., 2009).
As a result of reproductive studies, managemenprefjnant animals through
different gestational stages can be accomplistmthakith fetal health monitoring
and prediction of parturition timing (Katsumataakt 2006b; Lacave et al., 2004;
Robeck, Gili, lannaccone, Steinman, & O’Brien, 200%Williamson, Gales, &
Lister, 1990). Reproductive research is also fatitig the development of male
and female contraceptive methods for cetaceans asidie bottlenose dolphin
(Briggs, 2000). Contraceptive programs are cruétal managing animals in
limited enclosure spaces, as is the case for matageans which reproduce well in
aquaria.

Information on spermatogenesis and sperm biologyesents important
components of a species-specific reproductive beselatabase, which can be
incorporated into health assessments for botheatind free-ranging cetaceans.
Although numerous males have been trained for vatyrsemen collection (Table
2), high quality samples, indicative of ejaculgpesduced by natural matings, can
only be collected on a routine basis after develamnof suitable training and
collection methods (beluga: Graack & Grovhoug, 20Q@BBrien, Steinman,
Schmitt, & Robeck, 2008; bottlenose dolphin: Rob&dR’'Brien, 2004; Schroeder
& Keller, 1989; killer whale: Fripp, Rokeach, Roke& O’Brien, 2005; Pacific
white-sided dolphin: Robeck et al., 2009). Trainamg collection methods differ
slightly across species, but all techniques aredas maximizing the quality of
the ejaculatory response and avoiding saltwateiuang contamination.

Seasonal effects on testosterone secretion anchgpeduction (Table 2)
need to be considered for some species when ingiatsemen collection training
program for either reproductive research or repcode health evaluations of
individuals. High quality ejaculates can be cokettyear-round from most
cetaceans studied to date (Table 2), with the d@xuoepf the Pacific white-sided
dolphin, where spermic ejaculates are produced ahlying the Northern
hemisphere’s summer and early fall (Robeck et2809). For species exhibiting
seasonal trends in sperm production such as thgdeind the bottlenose dolphin
(Table 2), the annual timing of semen collectioowt also be taken into account.
Based on weekly collections, annual sperm prodadtioa beluga was highest in
winter and early spring (O'Brien et al., 2008), wdes three of four bottlenose
dolphins {Tursiops truncatushoused together in California produced ejaculates
with significantly higher numbers of spermatozoapning and summer compared
to fall and winter (16.8 + 13.3 billion spermato#jaculate and 8.7 + 8.6 billion
spermatozoa/ejaculate, respectively,= 382 ejaculates; Robeck & O'Brien,
unpublished data).
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Table 1

Female cetacean reproductive characteristics derifvem research incorporating endocrinological aodbvarian and uterine ultrasound analyses of zgalal-based
animals. Data are means and/or range (when avaglghinless indicated.

Timing of pregnancy Reproductive
Preovulatory diagnosis by weekly Gestation length maturity (based Reproductive
Species Reproductive cycle  follicle size progestagens (P) or (d post-breeding or  on age at first seasonality (based
length (d) (maximum ultrasound (V) Al, unless presumptive on cycling and/or
diameter, mm) (d post-breeding or Al) indicated) ovulation and/or parturition)*
conception) (yrs)

ODONTOCETES

Bottlenose dolphin 33 (31-36}° 21 (17-313 P: 28; U: 50-66° 377 (357-399H234 4° Seasonal trend$
Tursiops truncatus

Indo-Pacific bottlenose dolphin 30 (27-33§ 21 (16-23§ - 370 (352-384) - Seasonal trenfls
Tursiops aduncus

Indo-Pacific humpback dolphin 30 (28-36§ 20 (18-225 - ~ 11-12 montHs - Seasonal trenfls
Sousa chinensis

Pacific white-sided dolphin 31 (29-34§° 15 (13-18§ P: 28; U: 40-56 356 (348-367) 310 Highly seasonal
Lagenorhynchusbliquidens

Killer whale 42 (36-47§11 39 (3.1-5.2 P: 35; U: 120-14H 530 (466-561)* 7-812 Seasonal trends'?
Orcinus orca

False killer whale - - - 14 month&® 51 Seasonal trend$'®
Pseudorcarassidens

MONODONTOCETES

Beluga 40 (30-495°Y 29 (2.4- P: 28; U: 40-56'8 471 (450-491% 6 Highly seasonaf
Delphinapterus leucas 4.2)61718

"All species exhibit polyestrous activitjUrian et al., 1996°Robeck et al., 200580'Brien & Robeck 2006*Robeck & O'Brien, unpublished dat2Dudley, 2008;
5Brook, 1997:'Brook, 2001:%Brook et al., 2004°Robeck et al., 2009°Dalton et al., 2005'*'Robeck et al., 20043?Robeck et al., 1993 and Duffield et al., 1995;
8Robeck et al., 1994B%Robeck et al., 2001°Atkinson et al., 1999*°Steinman et al., 200¥’Robeck et al., 201680'Brien et al., 2008 °*Robeck et al., 2005b.
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Table 2
Male cetacean reproductive characteristics derifreth zoological-based animals trained for voluntagmen collection. Data are either means + SD, a@ndinge
(when available), unless indicated.

Sperm Reproductive
. Total . maturity .
Ejaculate Sperm spermatozoa Sperm. plasma Morphologically (age at first Reproductllve
. volume . : progressive  membrane normal S seasonality
Species concentration per ejaculate o . : spermic ejaculate
(ml) 7 7 motility integrity spermatozoa (occurrence of
(x10°/ml) (x10°) L2 and/or .
(%) (viability) (%) ti spermatogenesis)
%) conception)
( (vrs)
ODONTOCETES
Bottlenose dolphin 26+18 78 + 44 1580 + 956 87 + 4 88+ 4 96 + 7 5 Non-seasonal&
Tursiops truncatus seasonal tren#s®
Indo-Pacific bottlenose 0.3-64 2-147 60-1320 16-95 7597 - 7-8 Non-seasonal
dolphin
Tursiops aduncus
Pacific white-sided dolphin 10 + & 70+ 76 902 + 1157 92+6 94+ 5 96+ 3 - Highly seasondl
Lagenorhynchus (1-35; (0.5-273; (3-4518; (78-98; (76-99; (87-99;
obliquidens n=51) n=52) n=52) n = 26) n = 44) n = 26)
Killer whale 77 7150 538 + 897 93z 4 89+8.8 907 10° Non-seasonal
Orcinus orca (0.5-40; (8-240; (17-4480; (80-100; (48-98; (71-99;
n=70) n = 66) n = 66) n = 60) n=48) n = 30)
MONODONTOCETES
Beluga 2+1%° 30+16° 54 + 49° 45 + 59 83+6° 60 + 6° gt Seasonal tren@s’

Delphinapterus leucas

3Spermatozoa are produced year-rout@Brien & Robeck, 2006 ( = 3 males);?Robeck & O'Brien, 2004an(= 4 males);’Dudley, 2008:’Robeck & O'Brien,
unpublished datan(= 17 males)>Schroeder & Keller, 198 (= 1 male);®Montano et al., 2007n(= 1 male);"Yuen, Brook, Kinoshita, & Ying, 200d(= 3 males);
8Derived from Robeck et al., 2003, Robeck et alg®@Robeck & O'Brien, unpublished data< 2 males)’Derived from Robeck et al., 2004b, Robeck & Monf&a0s,
Robeck & O'Brien, unpublished data £ 6 males)!°0'Brien et al., 2008r(= 1 male)'Robeck et al., 2005 7 males).
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Consideration of the social grouping is also resplito avoid social
suppression of spermatogenesis by con-specifican@leservations of bottlenose
dolphin social groups comprising two to three malkewed that in some cases,
the subordinate male had a tendency to produceilaias with reduced sperm
concentration (< 100 million spermatozoa/ml). Whhe subordinate male was
moved to a different social group and underwentesymptive change in social
rank, ejaculate sperm concentration increased auotimty (> 500 million
spermatozoa/ml; Robeck & O’Brien, unpublished dat@hese preliminary
observations imply an ability of the dominant miesxert a suppressive effect on
reproductive function in the subordinate animal,has been reported in some
terrestrial species (e.g., olive babooRgpio anubis Sapolsky, 1985). Further
research incorporating monitoring of physiologiqaperm concentration and
quality, glucocorticoid and reproductive hormonen@entrations, testicular size)
and behavioral parameters is required to charaetemechanisms underlying
socially-mediated effects on male cetacean reptamuclt should also be noted
that for all species, information on ejaculate apdrm characteristics from larger
numbers of males is required to keep building upencurrent cetacean database.

Assisted Reproductive Technology

Implications of assisted reproductive technology to ex situ population
management

The maintenance of sustainalge situpopulations of cetaceans depends
on the ability to manage the genetic representatioimdividual animals within
each species. Typically, management strategiegrasito address the potential
genetic bottlenecks that can occur in reprodugtisblated facilities often involve
movement of breeding animals between facilitiesilgvanimal movement can be
a successful means of genetic exchange, it is mihtowt risk and significant
expense, and for some species, is disruptive tostability of social groups.
Additionally, regulatory requiremensurrounding marine mammalteve proved
increasingly difficult, and in some cases impossilibr allowing international
movemenbf animals between many countries.

Recognition of the challenges faced when managigitu populations
and the desire to participate in genetic and rapite management on a global
level became the basis for the development of ebdegtive research program at
SeaWorld USA (Robeck, Curry, McBain, & Kraemer, 489Robeck & O’Brien,
2005). Three main goals became central to the anogFirstly, representation of
founders that had not reproduced naturally was etk¢nl ensure valuable genetic
diversity was not lost. Assisted breeding practiwese therefore required to help
maximize the reproductive potential of founders akler genetically valuable
individuals, and alleviate behavioral incompatii#s and the need to transport
animals for breeding. Secondly, methodologies ff@r long-term preservation of
spermatozoa, collected from trained animals oriensdd after the death of an
animal, were required to further maintain genetiesity that would otherwise be
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lost over time. Thirdly, development of sex predmieation technology was

desired to efficiently manage the limited availdpibf enclosure space while still

maintaining cohesive social groups of each spete®chieve these three goals it
was apparent that a suite of assisted reprodudtetinologies (Al, estrus

synchronization, semen preservation and sperm gexinust be developed for

each species of concern.

Artificial insemination and estrus synchronization

Characterization of reproductive cycles and ovafiamction has been
performed in several species of cetaceans as Hedcpreviously (Table 1).
Further research was then required to gain an atadeting of the relationship
between reproductive endocrinology, anatomy, beaamd physiological events
such as ovulation. When combined with knowledgébasic anatomy (vaginal,
cervical and uterine structure), such reproductigeearch has permitted the
development of estrus synchronization and Al tegies, culminating in 35 calves
from five species of cetaceans (Table 3).

Estrus has been synchronized in cetaceans usingran synthetic
progestagen treatment and trials have demonsttiastdhe proportion of females
exhibiting estrus following treatment is maximizedring the discrete (Pacific
white-sided dolphin, beluga) or diffuse (bottlenodelphins, Kkiller whales)
“breeding season” inherent to each species (Role¢chl., 2005a; Robeck &
O’Brien, unpublished data). Monitoring of urinargrmones and ovarian activity
led to detailed descriptions of the temporal relahip between ovulation and
peak concentrations of hormones (estrogens andhikzitey hormone), thereby
allowing optimal timing of Al (0-8 h prior to ovui@n; beluga: Robeck et al.,
2010; Steinman et al., 2007; bottlenose dolphinBr@@n & Robeck, 2006;
O'Brien et al., 2008; Robeck et al., 2005a; kilighale: Robeck et al., 2004,
Robeck, Steinman & O’Brien, unpublished data; Racifhite-sided dolphins:
Robeck et al., 2009).

Initial research demonstrated that intrauterine rrepadeposition, as
apposed to vaginal or cervical, was required tdanupé the success of Al in
cetaceans (Robeck et al., 1994a). Intrauterine mimsgions have been
accomplished in cetaceans using a non-surgicalpsengic method comprising
custom-made catheters and specialized endoscopgargten for use with
spermatozoa. Females are either trained to permitolantary intrauterine
endoscopy procedure (Neto et al., 2008; RobecH.eP@04; Figure 1), or are
removed from the water under mild or no sedatich@aced on foam pads during
the procedure’s 20 to 30 min duration, while theg &ept cool and clinically
monitored. No significant complications have resdltfrom any of the 153
cetacean Al procedures conducted by our reseamtpgfRobeck & O’'Brien,
unpublished data).
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Table 3

Cetaceans produced from artificial insemination)(By the SeaWorld and Busch Gardens
Reproductive Research Center and collaborators fha8ross all species), and type of sperm
processing prior to insemination.

Number of  Species

Species Sperm processing prior to Al calved totals
ODONTOCETES
Bottlenose dolphin Fresh-chille§! 1 21
Tursiops truncatus Frozen-thawe'* 6
Sexed-fresh-chilletf 3
Sexed-frozen-thawéd 10
Frozen-thawed-sexed-frozen- 1
thawed~
Indo-Pacific bottlenose dolphin Fresh-chilled* 1 1
Tursiops aduncus
Pacific white-sided dolphin Frozen-thawe 5 5
Lagenorhynchusbliquidens
Killer whale Fresh-chilled® 2 4
Orcinus orca Frozen-thawetf 2
MONODONTOCETES
Beluga Fresh-chille@’ 1 4
Delphinapterus leucas Frozen-thawetf 3

¥0ne insemination per estri¥ne insemination or multiple inseminations per westfMultiple
inseminations per estrifSix calves are due from September 2010.

'Robeck et al., 2005&0’Brien & Robeck, 20060'Brien et al., 2009;’Robeck et al., 2001;
Robeck et al., 2009Robeck et al., 2004; Robeck et al., unpublisiédBrien et al., 2008°Robeck
et al., 2010; Robeck et al., unpublished.
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Figure 1. A killer whale undergoing trained, voluntary fdal insemination at SeaWorld San
Diego, CA.

Conception rates following intrauterine Al are udghced by numerous
factors, primarily sperm quality, sperm dose, Ahitig relative to ovulation and
quality of the oocyte; the latter of which is ofterfluenced by the age of the
female (e.g., Marsh & Kasuya, 1986). Using insetimmamethods optimized for
each species, the success rate of intrauterine édlphins and killer whales is 50-
75% (O'Brien & Robeck, 2006; Robeck et al., 200802a, 2009; Robeck &
O’Brien, unpublished data); such rates are comparéd those achieved in
livestock species where estrus synchronization Ahdechniques were first
developed (reviewed by Foote, 2002). For the belumafacultative-induced
ovulator usually requiring ovulation induction ugiexogenous GnRH (Steinman
et al., 2007), intrauterine Al using frozen-thawsggermatozoa has resulted in a
20% conception rate (Robeck et al., 2010). Thisltés expected to parallel those
of the dolphin and killer whale as more inseminggiare performed using a deep
bicornual insemination method (Robeck et al., 2010)

Sperm preservation and gamete rescue for genome resource banking

The development of effective sperm cryopreservatimethods in
cetaceans for use with Al is considered high properm samples can either be
collected voluntarily from trained captive animads, post-mortem from wild or
captive animals using a process known as gameteugesCollection and
preservation of spermatozoa from either source esgmts an important
conservation tool, which allows the indefinite sige of valuable genetic material
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(in the form of spermatozoa) that can be used talymre offspring long after a
male has died through assisted reproductive teobres (Ballou, 1992; Wildt,
1992). Indeed, genome storage banks, facilitatiegorganized storage of gametes
and other biological tissues have been developeduimerous endangered wildlife
species (reviewed by Holt, Abaigar, Watson, & Wil@003). However, before a
genome resource bank can be established, contriladgtro studies must be
performed to ensure that cryopreserved samples daquate fertilizing capacity
following thawing.

Short- and long-term sperm preservation methode haen reported for
four cetaceans; the bottlenose dolphin (Robeck &r@nh, 2004), killer whale
(Robeck et al., 2004), Pacific white-sided dolp{iRobeck et al., 2009) and beluga
(O’Brien & Robeck, 2010). Systematic banking of rspatozoa for long-term
storage from 33 trained cetaceans has been acsbmgliby our group and
collaborators (bottlenose dolphim= 21; Pacific white-sided dolphim:= 4; killer
whale:n = 6; beluga:n = 1) and from wild belugan(= 4) in conjunction with
native subsistence hunts (Robeck, Gearhardt, Suy&a@'Brien, unpublished
data). Due to species-specific aspects of ejacuta@racteristics and sperm
biology, the composition of diluents used to preserspermatozoa varies
considerably across the aforementioned specidhelbottlenose dolphin, use of a
novel sperm cryopreservation method, directionalliddication freezing
(“directional freezing”, Arav, 1999; Arav et al.,0@2), led to a significant
improvement of sex-sorted spermatozéa vitro quality compared to a
conventional straw freezing method (O'Brien & Raoke2006). For the beluga, a
species whose spermatozoa exhibit a low toleramagybpreservation compared
with other cetaceans, superior sperm quality pguestving was also achieved using
directional freezing with non-sexed spermatozoa pamed to conventional straw
freezing methods (O'Brien & Robeck, 2010).

Sex ratio modification using sperm sexing technology

Sex ratio management is of particular significarioe species which
naturally exist in female-dominated social groups. such species (e.g., dolphins:
Wells, 2000; killer whales: Baird, 2000), managetma&nsocially cohesive groups
is better performed when animals are housed inpgramimicking sex ratios
occurring in the wild. Since natural matings typlicaiesult in the production of
equivalent numbers of males and females, male rifiig@re then often surplus to
breeding requirements and can present social isBues$o inappropriate levels of
male—male competition and aggression. The situatian be exacerbated in
zoological settings by transitory, naturally ocaougr sex ratio skews (Glatston,
1997). A potential solution to these social andadpctive management issues is
to structure breeding programs to produce predamtiinfemale offspring through
the application of sperm sexing technology and dated assisted reproductive
technology (sperm preservation and Al).

The preferential production of female offspring cha achieved by
inseminating animals with X chromosome-bearing s@ozoa. Such “female”
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spermatozoa are obtained by separation of X and h¥ontcosome-bearing
spermatozoa using a specialized flow cytometeraloi@pof detecting the small
difference in DNA content between the two sperm ybajpons (reviewed by
Sharpe & Evans, 2009). Birth of offspring of preaatenined sex using flow
cytometrically sex-sorted fresh spermatozoa was fierformed in rabbits 20 years
ago (Johnson, Flook, & Hawk, 1989). Since thenpoifgy have been produced
using sex-sorted spermatozoa and associated dssegpeoductive technology
from humansand numerous domesticated and farmed species.irfBh@re-sexed
zoological species, the bottlenose dolphin, wa® w2005 (O’Brien & Robeck,
2006) and the technology has since been integiateda global reproductive,
genetic and social management program for the epd€'Brien et al., 2009)
resulting in a total of 14 pre-sexed bottlenosephdml calves to date. This
technology may become a critical management taalh® growth of smalkex situ
cetacean populations. By combining sperm sexinign@ogy with Al, the growth
of small and/or critically endangerex situpopulations can be enhanced by the
preferential production of female offspring (Fig@ke Through appropriate genetic
management, samples enriched for female or malenspezoa can be banked and
selected for use to maximize the genetic diverdityhese populations.

2500 -~

1950 4 Total population growth (males & fermales) using AISF
2000 o

1780 H

1500 o

1250 4 Population growth of fermales using AISF

1000 +

Number of animals

Population growth using natural breeding

2010 2018 2020 2025 2030 2035 2040 2045 2050 2055 2060
Year

Figure 2. Simulation of the impact of artificial inseminati using sex-selected (female) spermatozoa
(AISF) on the growth of a normally distributed amtan population over 50 years. The simulation
includes a population size of 50 animals (25 matas 25 females), and an annual recruitment rate of
5%. The annual recruitment rate (which includes mhertality rate) was based on that of the
bottlenose dolphin Tursiops truncatus population at SeaWorld (USA). The solid blackelin
represents the total number of animals under aadweeding program (50:50 sex ratio). The upper
line of the blue region represents the total numbgranimals produced if all breeding is
accomplished with AISF. The upper line of the oa®flhatched pink region represents the total
number of females produced within the blue popatativhen all breeding is accomplished using
AISF (10:90 sex ratio). All breeding decisions anade in conjunction with appropriate genetic
management.
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Ooacyte and embryo technologies

The development oih vitro maturation and fertilization techniques can
provide a tool for the production of preimplantaticstage embryos for
developmental research or for embryo transfer. Heselopment of viable
methods for oocyte and embryo preservation wowdd ahhance the potential use
of genome banks in captive and wild species coasierv.

Data collected fromin vitro culture studies demonstrate the diverse
requirements for normal gamete and embryonic dewedmt in different
mammalian species (Bavister, 2000). Though no fogmt research has been
conducted on thén vitro culture or preservation of delphinid oocytes, @mr
tissue or embryos, some progress has been madwenak species ahysticetes
In vitro oocyte maturation, fertilization and embryo cudtustudies have been
performed using post-mortem tissue in the commonkeniwhale Balaenoptera
acutorostrata Fukui et al., 2007), Antarctic minke whald.( bonaerensis
Iwayama, Ishikawa, Ohsumi, & Fukui, 2005), sei veh@. borealis Bhuiyan et
al., 2009) and Bryde's whal®.( edenj Watanabe et al., 2007; Bhuiyan et al.,
2009). Studies have also been extended to frozameith (common minke whale:
Asada, Tetsuka, Ishikawa, Ohsumi, & Fukui, 200lay avitrified oocytes
(common minke whale: Asada et al., 2001b; Fujikiral., 2006; lwayama et al.,
2004) but embryo preservation has not been reported

The immediate challenge for the development of toa@nd embryo
technologies in cetaceans is the lack of acceg®st-mortem tissue, and when
available, access within a timely manner after ledtimerous studies in domestic
species have shown that the developmental capatityocytes collected from
antral follicles post-mortem is negatively impactey increased ovary holding
time and reduced storage temperature (e.g., Wdagsriet al., 2005). Similar
studies in cetaceans are required using opporicedigt collected samples to
determine optimum ovary processing and oocyte ciidle procedures. Further,
studies on immature follicle isolation and prestoraare warranted in view of the
potential application of such procedures toward gf@nbanking in threatened
terrestrial species (e.g., Czarny, Harris, & Rod@®09). Preliminary studies in
the bottlenose dolphin have demonstrated the patemf superovulation
techniques as a source of oocytes or embryos faprge banking (Robeck
McBain, Mathey, & Kraemer, 1998). Research on soyadation, transabdominal
oocyte aspiration, uterine embryo flushing and smbiransfer techniques is
required to enable the future integration of oocmel embryo technologies into
the genetic and reproductive management of cetacean

Benefits of Reproductive Research and Assisted Reguctive Technology for
Wild Cetacean Populations

A thorough understanding of female reproductive spblpgy through

robust scientific research offers potential beseftd the conservation of wild
populations. For instance, knowledge of a speaiegioductive seasonality and
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parturition periods can better underpin governmnigrahicies on habitat protection.
Information on spermatogenesis and sperm biologpresents important
components of a species-specific reproductive beselatabase, which can be
incorporated into health assessments for free-ngnghimals. This is particularly
important in light of cetacean prey contaminatioithwvanthropogenic pollutants
and the unknown effects of such pollutants on réypctve function (e.g., Fisk et
al.,, 2005). Examination of effects of environmentakins on reproductive
characteristics such as sperm production amdvitro sperm quality (e.g.,
morphology, DNA fragmentation, metabolic potentieduld be conducted in free-
ranging cetaceans under anesthesia using electutetjan. In conjunction with an
appropriate anesthetic protocol, electroejaculatisnconsidered a safe and
effective technique for collection of semen fromaiety of endangered wildlife
(African elephant: Howard, Bush, de Vos, & Wildg84; rhinoceros species: Roth
et al.,, 2005; western lowland gorilla: Seager, Wildchaffer, & Platz, 1982).
Methods for electroejaculation under appropriatdfianesthesia are yet to be
developed for cetaceans. Captive male bottlenohitls would serve as an ideal
model for the development of such methods for syleset use in reproductive
assessments of their free-ranging counterparts.

Formation of a genome resource bank and the ormgdnpanking of
spermatozoa from males in the captive populatidhprdvide insurance against
potential catastrophic losses to the species doguim the wild. Too often, efforts
toward reproductive research and the developmentagsisted reproductive
technologies such as sperm preservation are ettianly after a species has
become threatened with extinction and few individuemain in aquaria. For
example, the recent extinction of the Baifiigotes vexillifef could not be
prevented becausex situreproductive research efforts were delayed uh@él t
species was critically endangered (Turvey et &8l072. Without an understanding
of that species’ physiology, and no history of ®ssfulex situbreeding, little
could be done to prevent their demise.

As global human populations increase, so does thacanitant
anthropogenic pressure on all species. Consequertiblogical institutions are
becoming increasingly responsible for preservingcis close to extinction and
indeed, those that have become extinct in the widen when species have been
successfully re-introduced in the wild, the longxeviability of these “new’in
situ populations often remain reliant er situpopulations (e.g., populations of the
California condor, Gymnogyps californianus black-footed ferret, Mustela
nigripes Arabian oryx,Oryx leucoryxJUCN, 2008).

The scimitar-horned oryx provides a good examplé@f conservation
efforts can be enhanced through reproductive researd Al. Due to its extinction
in wild, and the challenge of maintaining maxima&ngtic diversity within the
captive population, the scimitar-horned oryx becathe focus of multi-
institutional efforts to study the species’ reprciike biology and establish
successful genome resource banking and assisteddtegpive techniques. As a
result, techniques for semen collection, cryopregern and Al were developed
and refined (Garland, Frazer, Sanderson, MehreKrdetsch, 1992; Morrow et
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al., 1997; Roth et al., 1998, 1999), and 14 cahag been produced following
oestrus synchronization and Al of oryx cows witlhzien—thawed spermatozoa
(Garland et al., 1992; Morrow et al., 2000; Morrd®enfold, & Wolfe, 2009). A
permanent store of frozen semen now exists forsgpecies in the form of a
genome storage resource bank, and captive offsgpngduced from natural
mating or Al) are available for re-introduction ttee wild. In 2007, as part of a
collaborative project led by the World AssociatiohZoos and Aquaria (WAZA
project05039 — Re-introduction of Sahelo-Saharan anteltpdaunisia), captive
bred oryx from Northern American and European zegse transported to
Tunisia, and underwent the first stage of re-inicithn in the wild.

For cetaceans, scientific progress toward an utatetig of reproductive
biology and the development of ART is contributittg the sustainablex situ
management of several species. If required, theésengements may also be
applied to the conservation of such species inatihek through re-population and
re-introduction programs. However many speciesethaeans are not accessible
for ex situstudies and consequently very little is known alibeir biology. These
include one of the world’s most critically endarggtmarine cetacean, the vaquita
(Phocoena singsand the world’s three species of solely freslewster dolphins,
whose habitat is in close contact with human agtii The status of such river
dolphins is either critically endangered/functidpaixtinct (Yangtze river dolphin,
“Baiji”, Lipotes vexillife}, endangered (Ganges and Indus river dolgPlistanista
gangeticd, or data deficient (Amazon river dolphiinia geoffrensiy (IUCN,
2008). The establishment of functiomad situpopulations of these and other small
cetaceans, to gain an understanding of their bjploguld indeed enhance current
in situ conservation efforts. Criticism of breeding pragg by partisan
conservation groups may limit the true potentialaofglobal multi-disciplined
conservation approach. Even when in aquaria, relsesfforts for some marine
mammals become mired by such controversy. For ebengdthough every
scientist agrees that the manatégchechussp) is critically endangered, efforts
toward its captive breeding and reproductive retedrave been impeded by
bureaucratic restraints The dissemination of genuwnientifically sound data and
biological discovery by zoological researchers, ftee manatee and other
threatened marine mammals, should be consideredtedsor the formulation of
holistic governmental policies on species protectind management.

Concluding Remarks

Animals in the care of zoological institutions areinvaluable resource for
increasing our understanding of basic reproducbiwdogy, a pre-requisite for
effective species conservation. Reproductive rebednras also facilitated the
development and application of assisted reprodeitéehnologies for modernized
genetic, reproductive and social managemergxo$itucetacean populations, and
there exists great potential for the use of theshrtologies in the ongoirg situ
conservation needs of both non-endangered and gedahcetaceans.
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