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1   Introduction 

 

Successful breeding of bottlenose dolphins in human care has first been reported in the 

1940s from oceanariums in Florida [McBride & Hebb 1948] and since then this species 

proves to be reproducing well [Asper et al. 1992; Cornell et al. 1987; Duffield et al. 1995; 

Brook & Kinoshita 2005]. In later decades of the 20th century, the capture of wild cetaceans 

has been prohibited in North America and Europe, demanding from facilities to establish 

self-sustainable breeding programs that should be carefully managed to preserve genetic 

diversity [Duffield et al. 1995; Montgomery et al. 1997].  

 

Artificial insemination (AI), also in combination with gender-specific sorting of sperm, has 

been used in bottlenose dolphins to avoid transport of live animals, but with mixed results 

and low pregnancy rates especially with frozen-thawed semen [Schroeder & Keller 1990; 

Brook & Kinoshita 2004; Robeck et al. 2005; Robeck et al. 2013]. Reports of frequent 

azoospermia or too low sperm quality in bottlenose dolphin ejaculates have not yet found 

an explanation for the low reliability of semen collection [Schroeder & Keller 1989; Montano 

et al. 2007, Takenaka et al. 2013] or have purposely experimented on young, adolescent 

animals that have not reached full sexual maturity yet [Yuen 2007]. 

 

Detailed knowledge about the reproductive biology of male cetaceans is a prerequisite for 

successful application of semen collection to be able to perform AI. The training of voluntary 

semen collection was first described as a matter of operant conditioning using positive 

reinforcement [Keller 1986], using only slight tactile stimulation and not necessarily on the 

penis itself [Robeck & O’Brien 2004].  The physiological and psychological stimuli leading to 

ejaculation in male bottlenose dolphins are not fully understood as there are no apparent 

behavior correlates with ejaculation that can be identified in natural copulation [Puente & 

Dewsbury 1976]. Additionally and regarding their reproductive seasonality the knowledge is 

very limited, because the number of males studied is small as only one adult male was used 
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for each study so far [Schroeder & Keller 1989; Montano et al. 2007; Yoshioka 2008, Yuen et 

al. 2009]. 

 

In this study we contribute to the understanding of male bottlenose dolphin reproduction 

physiology, using four adult male subjects who reliably provided weekly collected ejaculates 

on a voluntary basis and delivering valuable data about their reproductive seasonality. The 

frequency of collection enabled us to use their semen for further experiments on basic 

sperm handling and transport procedures, gender-specific sorting in a specialized laboratory 

and storage in liquid state. Regular and repeated experiments during this time included 

motility analysis, evaluation of plasma membrane integrity, mitochondrial capacity as well as 

morphological examination to determine the effects of all applied procedures and how 

season influences the overall appearance and quality of bottlenose dolphin ejaculates. 
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2. Literature Review 

 

2.1 Dolphin Reproductive Anatomy and Behavior 

 

Bottlenose dolphins (Tursiops truncatus) form different social units depending on the habitat 

they live in. Coastal populations usually live in groups of 5 to 25 individuals, while offshore 

living groups can count several hundred animals at times [Wells 2000]. Only the social 

behavior of coastal populations could so far be studied in detail and is understood well for 

groups at the coast of Florida, Western Australia and Scotland [Wells et al. 1987, Connor et 

al. 1992, Smolker et al. 1992]. Adult male bottlenose dolphins either travel as single 

individuals or in pairs or groups of three males (known as unpaired vs. paired males, 

respectively), or even form “super-alliances” of several established pairs to associate with 

multiple receptive females over the course of each year [Connor et al. 2001, Chilvers & 

Corkeron 2002, Owen et al. 2002]. Groups studied in Western Australian consisting of mixed 

sex and age animals made about 50% of the total population, while each about 25% were 

male groups or nursery groups consisting of adult females and calves [Smolker et al. 1992, 

Mann et al. 2000]. In Sarasota, Florida, mixed groups were only observed in 31% of the cases 

while in general also three different group compositions were found: nursery groups, groups 

of mixed sex with a majority of immature animals and adult males travelling alone or in pairs 

[Wells et al. 1987, Wells 2000].  

 

 

2.1.1 Mating behavior and copulation 

 

Mating happens in wild bottlenose dolphins between adult non-pregnant and non-lactating 

females that presumably undergo a fertile period in which they can ovulate multiple times 

over the course of each breeding season [Connor et al. 1996] and paired or unpaired males 

or even alliances of several pairs accompanying these females that they monopolize from 

days to several weeks in so-called consortships [Connor et al. 1996, Connor et al. 2001, 

Owen et al 2002, Wiszniewski et al. 2012, Connor & Krützen 2015]. During consortships 

males often behave aggressively towards the females to prevent them from leaving and 

eventually to coerce the female to mate [Scott et al. 2005]. 
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Precopulatory courtship activity can include various amounts and times of leaping, chasing, 

stroking and rubbing of animals [Tavolga & Essapian 1957, Puente & Dewsbury 1976], but in 

all cases copulation is directly preceded by a female display behavior in which she rolls on 

her side, presenting the ventral white underside to the male. This behavior is described as 

“presentation of the belly” [Saayman, Tayler & Bower 1973], “displaying” [Puente & 

Dewsbury 1976] or “lateral surface immobility” [Muraco & Kuczay 2015]. It is perceived by 

observers as critical for the continuation and consummation of copulation [Saayman et. al. 

1973, Puente & Dewsbury 1976] and described as a “novel form of lordosis” demonstrated 

by bottlenose dolphins as a response to their aquatic environment and to assist in 

copulation success [Muraco & Kuczay 2015]. The male then approaches the female usually 

from her right side while he is turned ventral side up and tries to bring the penis close to the 

genital opening of the female [Tavolga & Essapian 1957, Puente & Dewsbury 1976] and 

copulation then follows near the surface with the animals perpendicular to one another 

[Muraco & Kuczay 2015]. 

 

The act of copulation itself has not been classified in behavioral analysis in wild bottlenose 

dolphins, as penis intromission is difficult to confirm as it lasts only a short time, is 

underwater and the body of the mounter is closely pressed against the mountee [Mann 

2006]. To confuse matters, bottlenose dolphins engage in a number of socio-sexual 

interactions, which is often observed instead of true conceptive mating behaviors [Puente & 

Dewsbury 1976, Connor et al. 1992] and includes copulation involving immature animals or 

during non-conceptive periods [Saayman & Tayler 1977, Furuichi, Connor & Hashimoto 

2014]. 

 

Quantified behavioral observations of bottlenose dolphin copulation therefore come from 

captive habitats where animals can be observed closely and continuously and provide 

underwater viewing windows [McBride & Hebb 1948, Tavolga & Essapian 1957, Puente & 

Dewsbury 1976, Muraco & Kuczay 2015]. Actual intromission of the penis in bottlenose 

dolphins is brief, lasting from 2 seconds up to a minute and involving vigorous thrusting 

movements by the male [Tavolga & Essapian 1957, Puente & Dewsbury 1976, Muraco & 

Kuczay 2015]. Several intromissions are usually repeated in short succession in a copulatory 

bout, with short intromissions lasting only a few seconds usually being terminated by the 
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female disengaging the penis from her genital slit with a quick roll, while longer copulations 

tend to be terminated by the male moving away from the female without movement on her 

part. Each of the longer intromissions (10 seconds or more) terminated a copulatory bout 

and started a longer refractory period in which no sexual activity was observed [Puente & 

Dewsbury 1976].  

 

The penis can be inserted only partially into the vagina or at full length, so the ventral sides 

of the animals are closely pressed together and the penis is no longer visible. Full 

penetration was only observed once in one colony of captive bottlenose dolphins, lasting 30 

seconds while all other copulations scored only a few seconds and involved partial 

penetration. It is not known if the one occasion with full penetration over 30 seconds 

indicates a normal, complete copulation and shorter ones being incomplete [Tavolga & 

Essapian 1957]. No apparent behavioral correlate of ejaculation could be observed [Saayman 

et al. 1973, Puente & Dewsbury 1976], but on one occasion after a partial intromission a 

milky fluid was seen to be ejected from the penis of the male. It was thought to be semen 

[Tavolga & Essapian 1957]. 

 

Concluding from the observations of copulatory activity and taking into account the four 

criteria of mammalian copulation [Dewsbury 1972], bottlenose dolphin copulation involves 

pelvic thrusting but no lock between penis and vagina. However, to assess whether or not 

multiple intromissions precede, or even being a prerequisite for ejaculation and if multiple 

ejaculations are attained or not require determination of the occurrence of ejaculation. As 

there is no apparent behavioral correlate with ejaculation in bottlenose dolphins, this 

presents a major limitation in the comparison of dolphin copulatory behavior with other 

species [Puente & Dewsbury 1976]. Vaginal swab samples can provide proof of ejaculation 

through the detection of spermatozoa in vaginal fluid [Muraco & Kuczaj 2015], but only 

show the presence of sperm in a time frame of several hours to a day and do not provide the 

means to determine if and how many times ejaculation has occurred in observed 

copulations. 
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2.1.2 Male reproductive tract 

 

The outward appearance of sexual dimorphism in cetaceans like the bottlenose dolphin is 

governed by the need of streamlined physical properties to move in their aquatic 

environment. All sexual organs are kept inside the body cavity at most times and both 

genders possess genital openings. The genital opening of the female bottlenose dolphin 

consists of one continuous slit in mid-ventral position, which houses the urethral orifice, 

clitoris, and vagina and the anus in close proximity posterior to it and still inside the same 

groove [Harrison 1969, Green 1972 & 1977, Ridgway 1972, Schroeder 1990]. One mammary 

slit is located on each side of the anogenital slit.  The male’s genital opening can be seen 4-

5cm anterior to the anal opening, which is a small slit in appearance. This separation 

between genital and anal slits is the most obvious external difference between male and 

female bottlenose dolphins [Ridgway 1972, Schroeder 1990].  

 

The paired testes of dolphins are large and lie caudal to the kidneys [Meek 1918, Matthews 

1950, Harrison 1969, Green 1977]. Cetacean testes are in general larger in respect to body 

mass than in most terrestrial mammals [Kenagy & Trombulak 1986, Aguilar & Monzon 1992]. 

In bottlenose dolphins, testes length varies from 4.4 to 22.8cm and volume from 4 to 

531cm3, depending on age and body dimensions [Brook et al. 2000]. They are retained in the 

abdominal cavity throughout life [Slijper 1966, Ridgway & Green 1967, Collet 1981, Rommel 

et al. 1992], attached to it by a mesorchium and encapsulated in a tunica albuginea [Harrison 

1969, Green 1977, Rommel et al. 2007]. A countercurrent heat exchanger consisting of 

spermatic arteries that are juxtaposed to veins returning with cooled blood from the dorsal 

fin and flukes functions specifically to regulate the temperature of arterial blood flow to the 

testes to prevent detrimental effects on spermatogenesis by the high core body 

temperature [Rommel et al. 1992]. Temperature measurements taken inside the colon near 

these vascular structures reported cooling effects between 0,5 – 1,3 °C compared to 

temperatures recorded in other regions inside the colon [Rommel et al. 1994].   

 

The epididymis is elongated and lies along the entire length of the testes, on the mesial 

aspect of the mesorchium [Matthews 1950, Green 1977]. The epididymis has a tubular 

structure and is highly convoluted, particularly at its distal end [Matthews 1950, Brook et al. 
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2000]. Spermatozoa have been found in abundance in the lumen of the convoluted tubule 

[Meek 1918, Matthews 1950, Yuen 2007].  The cranial end forms a prominent triangular cap 

(caput epididymis) followed immediately by the cauda epididymis, which consists of a large 

lobe of convolutions of the epididymal duct [Matthews 1950, Harrison 1969, Rommel et al. 

2007]. The epididymal duct continues beyond the cauda epididymis as the vas deferens and 

joins the urethra distally via the ejaculatory duct [Harrison 1969]. A number of distinct 

convoluted masses along its course are separated by short sections of less convoluted vas 

deferens [Matthews 1950, Brook 1997, Yuen 2007]. Spermatozoa in large quantities have 

been found throughout the vas deferens in sexually mature animals [Meek 1918, Matthews 

1950, Harrison 1969, Yuen 2007]. In older males that have been mature since some time, the 

rounded protrusions of convoluted tubules can be seen in ultrasonography adjacent to the 

epididymis [Brook et al. 2000]. These cannot be identified in immature or recently matured 

males. Gross anatomical descriptions of the vas deferens in dolphins correspond to this 

ultrasonographic appearance [Meek 1918, Matthews 1950, Harrison 1969]. The visualization 

of these structures only in older males is consistent with the observation that these 

protrusions increase both in number and size in older animals [Brook et al. 2000]. The 

convoluted tubules in these males are between 3-5mm in diameter where the caudal 

epididymis extends beyond the caudal pole of the testes. Immediately after ejaculation 

during sperm collection procedures, some of these tubules decrease by up to 2mm in 

diameter [Brook et al. 2000]. This finding supports the hypothesis that the vas deferens in 

dolphins functions as storage for seminal fluid in absence of seminal vesicles in these 

animals [Matthews 1950, Brook et al. 2000]. 

 

The prostate gland is the only accessory gland in cetaceans [Meek 1918, Slijper 1966, 

Harrison 1969]. It is reported to be large in adult animals. It surrounds part of the urethra 

and is associated with a powerful muscle layer, the compressor prostatae [Matthews 1950, 

Harrison 1969]. 

 

The penis of the male bottlenose dolphin is usually concealed beneath the genital slit, in 

which it lies at rest in the preputial sac [Harrison 1969, Schroeder 1990]. The non-erect 

cetacean penis is curved to the left and coiled into a sigmoid flexure within the body wall 

[Harrison 1969]. As the penis of cetaceans is of the fibroelastic type [Slijper 1966] and does 
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not contain an os penis [Slijper 1966, Harrison 1969], it is generally maintained in a turgid 

state with erectile tissue being filled with collagen and elastin fibres instead of the spongy 

vascular tissue found in most mammals [Slijper 1966]. Upon erection, the penis extends 

forward with an influx of blood into the erectile tissue, but does not dramatically change its 

absolute length or diameter [Slijper 1966, Rommel et al. 2007]. The penis is anchored to 

each of the pelvic bones by a crus, which fuse in the body of the penis into a single corpus 

cavernosum [Slijper 1966, Rommel et al. 2007]. The penis retractor muscle extends from the 

rectum to the preputial sac to hold the penis inside [Meek 1918, Slijper 1966, Harrison 

1969]. At erection, this muscle relaxes and the paired penis erector muscles, which are 

attached at the pelvic bones and insert into the corpus cavernosum move below and behind 

the extended part of the penis to provide support and keep the penis in position during 

erection. Additionally, it was suggested that the retractor penis may also function as a 

“brake in regulating the stretching of the penis during erection” [Slijper 1966, Rommel et al. 

2007]. The cetacean penis is made erect by voluntary contraction of the muscles and can be 

manipulated at will [Boyd et al. 1999]. The distal and extended part of the penis tapers 

smoothly into a tip, which is called a terminal cone. It corresponds with the terminal glans 

penis of other mammals, except that there is no notable swelling at erection [Slijper 1966]. 

The small, sharply tapered tip seems to be an adaptation to couple with the uniquely 

configured cervix of the female, which may act as a barrier to prevent the incursion of 

seawater into the uterus [Green 1972, Green 1977, Schroeder 1990, Robeck et al. 1994], or 

even provide the females with mechanisms of cryptic female choice [Eberhard 1996] as 

subtle shifts in copulatory positions can divert the penis into blind end vaginal recesses to 

create longer distances and more obstacles for sperm to reach the egg [Orbach et al. 2017]. 

 

In general, the overall anatomy of the male dolphin reproductive tract appears to be suitable 

to deliver large amounts of seminal fluid in a short time, with the large testis size and the 

large size of the prostate gland [Matthews 1950, Yuen 2007]. Additionally, the largely 

convoluted epididymis and vas deferens can store large amounts of spermatozoa to provide 

for an immediate supply demanded by rapid fibroelastic coitus [Yuen 2007]. 
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2.2 Reproductive Seasonality 

 

Copulatory behavior in bottlenose dolphins is not a safe indicator to define conceptive 

periods, as sexual behavior, including intromission of the penis is a common occurrence in 

the daily interaction of dolphins of all age and sex-combinations [Saayman & Tayler 1977, 

Östman 1991, Furuichi, Connor & Hashimoto 2014]. However, several findings report a 

seasonal increase in sexual interactions in certain months, with peaks of mating activity in 

the spring and early summer month [Caldwell & Caldwell 1977, Kasuya & Marsh 1984, Mead 

& Potter 1990, Urian et al. 1996, Wells 2000]. As data shows also peaks of births 11-12 

months after the times of increased mating activity it is obvious that conceptions happens 

then as well which could be confirmed for wild populations [Urian et al. 1996, Wells 2000] 

and captive groups [Caldwell & Caldwell 1972, Saayman & Tayler 1977, Sweeney 1978]. 

Although bottlenose dolphins in captivity exhibit a greater variability of conception and 

birth, they still possess the seasonality of the wild population they originate from [Urian et 

al. 1996]. 

 

As sperm production costs energy, it is advantageous to the males to decrease sperm 

production in times when the encounter of a fertile female is unlikely. As a consequence, the 

epididymis in mammals should be expected to be filled with spermatozoa in times when 

mating and conceptions occurs, as spermatozoa mature in the epididymis and are stored 

there before copulation [Amann et al. 1993]. However, female bottlenose dolphins can 

ovulate multiple times in a breeding season [Kirby 1984, Schroeder & Keller 1990, Robeck et 

al. 1994] as a mean to obscure conception or achieve a consortship with more desired males 

[Connor et al. 1996] or do ovulate at irregular times due to the loss of a calf, prolonged 

lactation or environmental factors like food availability and water temperature, which 

creates a “diffuse seasonality” [Barlow 1984, Cornell et al. 1987, Wells et al. 1987, Urian et al 

1996]. Keeping a baseline sperm production enables males to fertilize females that 

experience irregular cycling as early or late ovulation during the breeding season or that fail 

to conceive during the first estrus cycle [Neimanis et al. 2000]. 

 

The study of male seasonality in cetaceans is problematic as most samples are 

opportunistically obtained from stranded or bycaught animals, so representative sampling 
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throughout the year is not always possible [Plön & Bernard 2007]. Testes weights vary 

seasonally in a number of cetacean species, but histological results show only little evidence 

for a complete cessation of spermatogenesis in odontocetes [Perrin & Donovan 1984]. The 

bottlenose dolphin was found to show continuous spermatogenesis throughout the year 

[Cockcroft & Ross 1990]. 

 

Captive studies provide the means of regular sampling and indicate in Tursiops truncatus 

serum testosterone levels change seasonally, reflecting seasonal changes in testicular 

activity [Harrison & Ridgway 1971, Schroeder & Keller 1989]. Semen collection in the later 

study was limited to one subject, but demonstrated that peak sperm density in ejaculates 

followed between 4 to 6 weeks after peak serum testosterone levels and coincided with this 

animal’s peak breeding success months [Schroeder & Keller 1989]. A more recent study 

including five male bottlenose dolphins found a similar seasonal pattern in all study subjects 

and for the examined values of testis volume (measured by ultrasonography), serum 

testosterone, and sperm density in ejaculates collected voluntarily through operant 

conditioning [Yuen 2007]. However, in both studies azoospermic ejaculates were collected 

not only in the low season through longer periods but also occurred randomly on single 

occasions during peak times. The recent maturity of some of the study animals or training 

irregularities were suggested as reasons but do not explain the occurrence of irregular 

azoospermia in the males that have been mature since many years and are very well 

conditioned for the voluntary ejaculation behavior [Schroeder & Keller 1989, Yuen 2007]. 

 

 

2.3 Breeding of the bottlenose dolphin in human care 

 

Bottlenose dolphins are kept in human care since the beginning of the 20th century [McBride 

& Hebb 1948]. As the removal of wild cetaceans has been prohibited in North America as 

well as Europe as part of conservation legislations and international wild animal trade 

regulations, captive breeding programs had to be established with this species to control 

genetic diversity and social compatibility of animals [Duffield et al. 1995]. However, the 

starting population of the founder animals was small and not all founder males reproduced 

successfully caused by non-optimal structures in early breeding groups [Cornell et al. 1987]. 
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Reports from the Bottlenose Dolphin North American Studbook prove that the use of only a 

few males for breeding over many decades may have led to over-representation of these 

animals in subsequent generations. Many other animals have not had the opportunity to 

reproduce and much genetic diversity has been lost from this population over fifty years 

[Cornell et al. 1987]. The ratio of captive-born animals versus wild-caught animals is an 

indicator of the success of captive breeding programs. In North America, the percentage of 

captive-born animals in the bottlenose dolphin studbook has increased from 6% in 1977 to 

72% in 2007 [Cornell & Asper 2007]. In Europe, no facility has imported dolphins from the 

wild since 2003 and over 66% of the dolphins in European facilities were born in human care 

[Hartmann & van Elk 2016].  

 

2.3.1 Population management 

 

However, besides the actual number of calves born, breeding management has to consider 

the genetic vigour and avoid inbreeding in a captive colony to be self-sustainable [Yuen 

2007]. Captive management of bottlenose dolphin groups is also made challenging by the 

complexity of their social interactions [Yuen 2007].  So besides aspects of genetic matter, 

facilities have to carefully manage the composition of their groups as male dolphins establish 

hierarchies in captivity [McBride & Hebb 1948, Tavolga 1966] and social groups can become 

unstable when males are maturing and start to establish positions in the group hierarchy 

[Caldwell & Caldwell 1977]. In uncontrolled breeding programs, mostly the dominant males 

gain mating access to the females [McBride & Hebb 1948, Tavolga 1966] and as a result, 

most calves are found to be sired by the dominant males [Asper et al. 1992, Duffield et al. 

1999].  

 

Additionally, inappropriate social grouping - especially regarding gender ratio - can have 

detrimental effects on health and longevity of small cetaceans in captivity [Curry et al. 2013], 

as conflict between males can inflict physical injuries and increase stress levels. Ideal groups 

should reflect the composition of social units in the wild, where three primary groups can be 

observed: (1) nursery groups of adult females and their recent calves, (2) juveniles of mixed 

gender and (3) adult males, typically as members of strongly bonded pairs travelling alone or 

in pairs. Typically they are associated with females for breeding times only and move on to 
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other cycling females following successful copulation [Wells 2000, 2009]. The high male-to-

female ratio [49:51 in the North American population, Dudley et al. (2004) and 48:52 in 

Europe, Hartmann & van Elk (2016)] does not reflect gender distribution in the wild. The 

trend increases by the fact that the majority of captive born animals are male [42:33 in the 

European population, Hartmann & van Elk 2016].  

 

As a consequence, captive breeding management needs to prevent over-representation of a 

few males and maintain appropriate social groups. Therefore, breeding has to be planned 

strategically achieving the optimal sex and age group compositions in the enclosure space 

available [Andrews 1999]. 

 

2.3.2 Artificial insemination 

 

As the physical transport of cetaceans for social and genetic exchanges is stressful for the 

animals, the use of assisted reproductive techniques like artificial insemination (AI) has been 

suggested to enhance breeding programs, which were so far based on natural mating 

[Schroeder & Keller 1990; Robeck et al. 1994]. The successful application of AI was first 

reported for the Indo-Pacific bottlenose dolphin [Brook & Kinoshita 2004] and consequently 

also for the Atlantic bottlenose dolphin [Robeck et al. 2005, 2010], the Pacific White-sided 

dolphin [Robeck et al. 2009], the killer whale [Robeck et al. 2004] and the beluga [O’Brien et 

al 2008].  

 

The first dolphin sperm sample was collected by electro-ejaculation and preserved by 

pelleting the semen on dry ice [Fleming et al. 1981]. Detailed studies on male dolphin sperm 

characteristics did not continue until a routine, voluntary manual semen collection method 

was established. One adult male contributed 1,332 ejaculates collected by manual 

stimulation over a two-year period giving insight into the reproductive seasonality of this 

animal [Schroeder & Keller 1989]. The training of ejaculation behavior in dolphins is 

described as a response to physical stimulation by a handler, often directed to the perineal 

area but not necessarily the penis itself [Robeck & O’Brien 2004] or involving just a brief 

grasp of the penis to elicit ejaculation [Keller 1986]. Azoospermia and oligospermia were 

often observed in ejaculates after manual collections [Schroeder & Keller 1989; Montano et 
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al. 2007]. The aforementioned authors described manual dolphin semen collection as a 

procedure carried out in a sequential regimen to obtain a sufficient number of sperm for 

subsequent experiments or artificial insemination, with 1-12 ejaculates being collected in 

sessions lasting from 5-30 minutes. In sequentially collected dolphin ejaculates, an increase 

of sperm concentration was seen from the first to the second ejaculate in a collection series 

but not accompanied by a rise in total sperm numbers as at the same time ejaculate volume 

obtained was usually low and further decreased significantly from the first to all subsequent 

samples [Schroeder & Keller 1989; Robeck & O’Brien 2004; Yoshioka 2008; Yuen et al. 2009; 

Takenaga et al. 2013].  

Only very few studies have actually evaluated semen samples collected routinely over a 

longer period of time to evaluate seasonal effects on spermatogenesis [Schroeder & Keller 

1989; Montano et al. 2007; Yoshioka 2008]. Other studies involving regular semen collection 

have focused instead on sexual maturity and onset of spermatogenesis in several adolescent 

animals [Yuen et al. 2009], or did not find any seasonal effect [Takenaga et al. 2013]. The 

knowledge about male dolphin reproduction is so far limited mainly due to the fact that the 

physiological and psychological stimuli leading to ejaculation have not yet been studied and 

described.  

 

Collected dolphin semen was cryopreserved in liquid nitrogen using extenders containing 

fructose or lactose, with lactose returning a higher value of motile sperm after thawing 

[Schroeder & Keller 1990]. Five artificial insemination trials were conducted after ovulation 

induction with PMSG and HCG injections and using either freshly collected or frozen-thawed 

semen. Two pregnancies resulted but terminated spontaneously after 10 and 14 weeks, 

respectively [Schroeder & Keller 1990]. 

 

Successful births were not reported before 2002, when two bottlenose dolphin calves were 

born in Hong Kong as a result of AI with fresh semen on naturally cycling females whose 

ovulations were tracked by ultrasound imaging of the ovaries [Brook & Kinoshita 2004]. 

Systematic trials followed at Sea World parks in cooperation with a Japanese aquarium and 

an aquarium in Italy. A total of 8 females were inseminated after estrus synchronization 

using an altrenogest treatment and subsequent tracking of ovulation using ultrasonography 
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[Robeck et al. 2005]. In two cases, liquid stored semen was used that had not been stored 

longer than 24 hours before AI. Frozen-thawed semen was used for the remaining AI trials, 

one with frozen/thawed pellets, the other with straws, frozen in a programmable freezer 

(n=2) or manually frozen over liquid nitrogen vapor (n=3). Three live births resulted from 

these trials, one using liquid stored semen, the remaining two using straws frozen manually. 

One female experienced an abortion after 132 days of gestation, the remaining did not 

conceive [Robeck et al. 2005].  

 

Studies in subsequent years focused on different insemination techniques like deep-

intrauterine sperm placement using low doses of semen and on the implementation of sex-

sorting into dolphin assisted reproduction. Consequently, sperm cryopreservation of several 

cetacean species and the use of sex-sorted sperm producing female offspring has been 

reported by facilities in the USA [O’Brien & Robeck 2006]. However, problems like low 

conception rates in some female age-classes and an overall high rate of pregnancy losses 

after AI persisted. In a study with 49 females inseminated with frozen-thawed semen in the 

US, only 56% resulted in live calves using non-sorted frozen thawed semen. Another 28% 

experienced a pregnancy loss in this group, while in the group using sex-sorted frozen-

thawed semen this value increased to 42% and 63% for sexed and sexed-low dose semen, 

respectively. The combined result of AI returns live calves in only 33% of the procedures 

[Robeck et al. 2013]. Similarly, in Europe pregnancy results are low with only 4 live calves out 

of 19 AI trials and each trial consisting of 1 to 12 actual insemination procedures during one 

ovulation cycle [unpublished results, personal comm. Cornelis van Elk 2015]. Of the 4 live 

calves, 3 have been achieved using fresh semen and only one with frozen-thawed semen.  

 

The damaging effects of cryopreservation procedures on sperm cells are well-studied [Rozati 

et al 2017] and are mainly attributed to oxidative stress, toxicity of the cryoprotectant and 

the formation of intra-cellular ice crystals [Thomson et al. 2009]. Furthermore, the effect of 

sex-sorting with consequent cryopreservation on sperm chromatin stability in the bottlenose 

dolphin has not been studied so far. However, a study with non-sorted bottlenose dolphin 

semen could not find a difference in DNA fragmentation between frozen-thawed and fresh 

semen and remained overall low [Sanchez-Calabuig et al. 2012]. 
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Due to the apparent disadvantages of frozen-thawed semen, AI trials in Europe focused on 

the use of liquid-stored semen as a viable alternative to cryopreservation. In a recent study, 

refrigerated dolphin semen was kept for a time-period of 7 days at 5°C and retained its 

functionality in regards to motility and membrane integrity [Ruiz-Diaz et al. 2020]. Also, two 

additional pregnancies were achieved using fresh semen refrigerated for less than 3 days 

[Barros-Garcia et al. 2016]. While liquid stored semen offers only a limited timeframe for 

transport to other facilities, its overall higher fertility parameters allow for simpler AI 

procedures. Intravaginal sperm placement is then sufficient to achieve conception and can 

be realized under voluntary training of the female to be a stress-free procedure [Barros-

Garcia et al. 2016], instead of intrauterine catheterization, which can only be performed 

safely when the female is restrained, removed from the water and sedated [Robeck et al. 

2005, 2009, 2013]. The later technique can hardly be considered ethical or does it meet 

today’s welfare-related standards in zoo animal care and husbandry, especially considering 

the increased amount of public and political attention towards facilities with marine 

mammals in human care. As a consequence, the use of a minimally invasive and voluntary 

technique and therefore the development of sperm handling and storage procedures that 

make this possible is a necessity for modern zoological and reproduction management of 

cetaceans in human care. 

 

 

2.4 Flow cytometric gender-specific sorting of spermatozoa (Sex-Sorting) 

 

Historically, the preconceptive gender determination through the separation of X- and Y- 

chromosome carrying sperm has been attempted by several methods, like density gradient 

centrifugation or using electrophoresis [Jafar & Flint 1996], or using monoclonal antibodies 

against the H-Y-antigen [Hoppe & Koo 1984]. However, only the method of flow cytometric 

sorting of spermatozoa has achieved success and is today the only valid and commercially 

used procedure for gender determination [Rath et al. 2009]. The flow cytometric separation 

is based on the relative difference of DNA content in X- and Y- chromosome carrying sperm 

[Johnson et al. 1987a,b; 1989]. It is species depending (bull 3.8%, boar 3.6%, stallion 3.7%, 

dog 3.9%, human 2.8%) [Garner 2006] and requires the individual detection and evaluation 

of every single sperm [Maxwell et al. 2004, Rath et al. 2009]. 
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2.4.1 Principle of sperm sorting by flow cytometry 

 

Prior to flow cytometric sorting it is necessary to label the DNA properly. To achieve a clear 

separation, the fluorescent dye Hoechst 33342® is added to the sperm sample and 

incubated at 34-38°C for 60-90 minutes [Klinc 2005]. Following incubation, the sperm cells 

are orientated hydrodynamically in a flow cytometer stream in order to direct the sperm 

heads into an orthogonal position relative to the UV-Laser beam. The laser light excites the 

dye and a fluorescence signal is emitted from the flat side of the sperm head, which is then 

detected by a photomultiplier (PMT 0°) ahead and translated into electric signals. 

Additionally each sperm cell emits another light signal from the narrow side of the head, 

which is detected by a second photomultiplier (PMT 90°) in orthogonal position to the laser. 

Only optimally aligned sperm are included in the sorting process [Johnson et al. 1987a]. 

Shortly behind the point where the laser meets the fluid stream, vibrations induce the fluid 

stream to break off and form single droplets, which contain each only a single sperm cell. 

Each droplet is then electrically charged (180V) either positive or negative depending on the 

DNA signal. The charge is loaded immediately before the droplet forms off the fluid stream. 

The remaining stream is neutralized repeatedly [Johnson et al. 1999, Rath et al. 2003]. 

Depending on the individual charge, deflection of sperm to either side happens inside an 

electrostatic field, which the loaded sperm pass in free flow [Johnson et al. 1987b] before 

they enter a collection tube, prefilled with collection medium. 

 

 

Immediately after separation in the electrostatic field, sperm cells are collected in vials for 

the X- and Y- carrying populations, each filled with Catch fluid. As the sperm cells have 

endured physical stress during the sorting process and are further stressed by the 

continuous dilution inside the droplet stream, the catch fluid components are of importance 

to protect the sperm cells and slow down damaging processes [Seidel & Garner 2002]. 

Typically a TRIS or TES-TRIS buffer is used with 2-20% of egg yolk [Johnson & Welch 1999]. . 

To prevent capacitation of sperm cells the addition of seminal plasma between 1-10% is 

recommended in several species [Maxwell & Johnson 1999]. The rate of sperm cells sorted 

by flow cytometry is reported to reach between 15 – 20 x 106 per hour, if purity of the 

selected sperm population matters [Maxwell et al. 2004, Garner 2006]. 
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2.4.2 Specialties and limitations of cetacean sperm sorting 

 

In general, before, during and after the sorting process sperm cells are exposed to multiple 

stress factors that significantly reduce motility parameters and membrane integrity. At the 

first step of incubation with Hoechst 33342, both the concentration of the dye as well as 

incubation temperature and time are important factors to consider as both can significantly 

reduce the number of membrane intact cells in a sample [Maxwell & Johnson 1999]. Overall, 

the dilution of the ejaculate prior staining, the staining process, the laser exposure at the 

sorting process and the following centrifugation after sorting are considered to be possible 

stress factors [Klinc & Rath 2007] mainly increasing the amount of reactive oxygen species 

(ROS), and thereby the sperm integrity, which is even affected further by high dilution of the 

seminal plasma during the sorting process [Maxwell & Johnson 1999]. Electrical charging and 

separation inside the electrostatic field expose sperm shortly to high voltage fields, which 

supports the production of ROS [Aitken et al. 1989 a,b] and leads to a depolarization of the 

membranes at the sperm midpiece section and a short-term inhibition of ATP synthesis 

[Klinc et al. 2007, Klinc & Rath 2007]. Consequently, besides the mechanical stress factors 

the electrical charge and electrostatic separation are considered to be the main cause for 

the reduced viability and fertility of sex-sorted sperm [Rath & Johnson 2008, Rath et al. 

2009, Spinaci et al. 2006, 2010, Mönch-Tegeder 2011]. 

 

Damages through ROS decrease the overall function of cetacean sperm cells indicated by 

deterioration of motility and the function of the cell membrane as well as an increase of 

morphologically abnormal sperm [Shekarriz 1995, Bansal & Bilaspuri 2010]. Additionally, ROS 

also damage the sperm DNA [Twigg et al. 1998]. All sperm damage caused by ROS negatively 

impact its fertility as it was shown in both in-vitro [Agarwal et al. 2005] and in-vivo 

experiments [Aitken et al. 1991]. 

 

As a general rule regarding sex-sorting, sperm samples should be as fresh as possible when 

they arrive at the sorting laboratory and retain excellent values of motility and membrane 

function. As sex-sorting laboratories are highly specialized and immobile, short transport 

ways from the animal donors to the laboratory as well as from there on to the receiving 

females are beneficial to post-sort quality and AI success rate. However, in the case of 
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cetaceans these animals are also mostly immobile due to their aquatic environment and 

their difficult transport. AI in cetaceans has been primarily developed as an enhancement of 

natural breeding and to decrease the amount of necessary live animal transports for genetic 

exchange [Robeck et al. 1994]. The only zoological facility operating a sperm sex-sorting 

laboratory is the SeaWorld Busch Gardens Reproductive Research Group (SWBGRRG) 

[O’Brien et al. 2006, Robeck et al. 2013]. To overcome the transport distance for male 

cetacean sperm samples from other SeaWorld corporate parks or other partners, ejaculates 

must be frozen on location, transported to the sorting laboratory, thawed and sorted and 

then re-frozen after sorting for storage or transport to the receiving facility waiting to 

perform AI [Montano et al. 2012]. Additionally to the damages caused by the sorting 

process, cetacean sperm samples are then further stressed by two freezing-thawing cycles. 

Cryopreservation damages sperm mainly through the toxicity of the cryoprotectant and the 

formation of intra-cellular ice crystals during freezing [Rozati et al. 2017, Thomson et al. 

2009]. Additionally, the cryoprotectant extenders used to freeze dolphin semen prior to 

sorting contain egg-yolk particles, which significantly lower the sorting efficieny and purity 

by occluding the flow cytometer and inhibiting the flow passage. This impairs the correct 

orientation of the sperm cells to the laser source [van Wagtendonk-De Leeuw et al. 2000]. 

At last, dolphin semen is collected while animals float in the water with their ventral side up 

and above the water surface to be accessed by a trainer at poolside [Schroeder & Keller 

1989, Robeck & O’Brien 2004]. Salt water contamination of dolphin sperm samples often 

happens during collection [Yuen 2007] by movements of the animals and is considered lethal 

to dolphin sperm or at least significantly reduces motility and membrane integrity 

[Schroeder 1990, O’Brien et al. 2006]. 

 

The overall reduced fertility of frozen-thawed sex-sorted dolphin sperm makes it necessary 

to develop deep-intrauterine sperm placement techniques as described above that are 

causing a significant amount of stress to the animals and need restraint and sedation 

[Robeck et al. 2005, 2009, 2013]. 

 

In this study, we used weekly collected samples from four adult male bottlenose dolphins to 

obtain regular data on behavior during collection and ejaculate parameters to characterize a 

reproductive profile for each male. Observations during sperm collection contributed to the 
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discovery of a pattern of typical responses that accompany ejaculation and helped 

developing a reliable semen collection method providing high quality sperm for the 

experiments. Additionally, the aim of our investigations was to develop a liquid storage 

protocol that allows dolphin sperm to remain fertile for a longer period of time after gender-

specific sorting in order to create a certain storage and fertility window that allows transport 

to females to be inseminated. 
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3 Materials and methods 

3.1 General setup and procedures 

3.1.1 Experimental goals 

Three separate experiments were conducted to evaluate the quality of bottlenose dolphin 

ejaculates for use in AI procedures with sex-sorted sperm and control if the techniques used 

at each stage from semen collection to storage are adequate to retain an optimum semen 

quality. 

In the first experimental part, semen collection was conducted in a group of male bottlenose 

dolphins over three consecutive years, investigating if they exhibit a seasonal pattern of 

sperm production as well as a fluctuation of semen quality. As the males in the research 

group were kept separated without visual or auditory contact to females, the factor of 

female presence as a driver of sperm production could be excluded. The further goal of this 

experiment was to develop a reliable method for manual collection of dolphin semen, 

eliminating effects of inappropriate stimulation so the seasonal effect was not obscured by 

other factors. 

The second experiment was specifically designed to evaluate if and under which conditions 

fresh bottlenose dolphin semen can be transported to a sorting laboratory, if it arrives there 

with a sufficient quality and survives sex-sorting procedures, retaining good fertility 

parameters afterwards. 

After the development of an adequate protocol for dolphin semen collection, transport and 

sorting, the third experiment had the goal to determine if sex-sorted dolphin sperm can be 

stored in liquid state for up to 72h after sorting, to simulate a transport of the sorted sample 

to another facility for AI. 

For experiment 2 and 3, respectively, each study animal donated 6 weekly samples during 

the high season of their sperm production schedule, as it was determined previously in 

experiment 1 during the evaluation of sperm characteristics over 28 months. 
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Table 1  Overview of experiments 

 Experiment 
SEMEN COLLECTION IN 
A MALE BACHELOR 
GROUP OF BOTTLENOSE 
DOLPHINS OVER THREE 
CONSECUTIVE YEARS 

FLOW CYTOMETRIC 
SEX-SORTING OF 
BOTTLENOSE 
DOLPHIN 
SPERMATOZOA 

LIQUID STORAGE OF 
SEX-SORTED 
BOTTLENOSE 
DOLPHIN 
SPERMATOZOA 

Main question Do male bottlenose 
dolphins show a clear 
seasonal pattern of 
sperm production and 
quality in absence of 
females? 

Can manually 
collected bottlenose 
dolphin semen be 
sex-sorted after 
transport and retain 
good fertility 
characteristics? 

Can sex-sorted 
bottlenose dolphin 
semen survive a 
liquid storage period 
of up to 72h incl. a 
simulated transport 
to another facility for 
AI? 

Procedure Operant conditioning, 
manual semen 
collection, sperm 
analysis 

Manual semen 
collection, extension, 
cooling and 
transport of semen, 
sex-sorting, sperm 
analysis 

Liquid storage, 
sperm analysis 

Timeline 28 months 6 weeks per animal 
during high season 
of sperm production 

6 weeks per animal 
during high season 
of sperm production 

Goals Developing a manual 
semen collection 
method and 
investigating if male 
bottlenose dolphins 
follow a seasonal 
pattern of sperm 
production. 

Developing a 
protocol for 
collection, handling, 
transport and sorting 
of bottlenose 
dolphin semen 
retaining good 
fertility parameters 
for AI. 

Developing a 
protocol for liquid 
storage of sex-sorted 
bottlenose dolphin 
semen that allows 
transport to 
distanced facilities 
for AI, retaining good 
fertility parameters. 

 

3.1.2 Experimental ethics 

 

All samples were collected using routine husbandry training and on a voluntary basis. All 

procedures described were reviewed and approved by the Dolfinarium Animal Care and 

Scientific Committee and performed in accordance to national Dutch animal welfare 

regulations as approved by the “Nederlandse Voedsel- en Warenautoriteit (NVWA) under 

zoo-license “Dierentuin/2002/035”. No further animal experiment permit was required by 
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national or faculty authorities due to the routine and voluntary nature of the sample 

collection. 

 

3.1.3 Animals 

 

Table 2  Study animal characteristics 

Study subject Male 1 Male 2 Male 3 Male 4 

Age (years) 43 36 16 15 

Weight (kg) 249 269 231 240 

Sire 6 3a - - 

a 2 calves resulted from AI 

 

Four adult male bottlenose dolphins (M1-M4), aging 43, 36, 16 and 15 years, and weighing 

249 kg, 269 kg, 231 kg and 240 kg, respectively were used for semen collection. Animals 

resided at Dolfinarium Harderwijk, The Netherlands, as part of a bachelor group of ten male 

bottlenose dolphins. M1 is a proven sire by natural service (6 calves) and switches between 

the bachelor group and a breeding group with mature females and calves. M2 successfully 

sired calves by natural mating and by artificial insemination using fresh semen (3 calves). M3 

and M4 are F2 and F1 offspring born in human care and were in late adolescence when this 

study started. Only M2 had been previously trained for ejaculate collection, while M3 and 

M4 had undergone first training sessions but had not been collected on a regular basis 

before this study. M1 had undergone training attempts since 2006, but never provided fully 

developed ejaculates. 

 

3.1.4 Semen collection and transport 

Semen was collected once a week in a morning training session. Approximately 20 hours 

prior to semen collection, males were ejaculated in an early afternoon session to clear 

eventually aged sperm from the reproductive tract. All animals were induced to ejaculate by 
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manual stimulation to which they were conditioned using positive reinforcement. Briefly, 

after full erection was achieved and the animal appeared ready for the collection procedure, 

the handler grasped the penis with a gloved hand and applied gentle pressure on the shaft 

of the penis and ejaculation followed immediately. Pressure was not released until 

ejaculation was complete and no more liquid was expelled. Then the animal was bridged and 

rewarded with food. Semen was collected into 720ml Whirl Pak® bags (Nasco, Fort Atkinson, 

WI, USA) attached to a rigid plastic pipe with 120mm diameter acting as a funnel to catch 

the sample. After an initial evaluation of motility at the facility’s laboratory, each ejaculate 

was divided into three equal parts of 5ml in 50ml Falcon graduated centrifuge tubes 

(Thermo Fisher Scientific, Waltham, MA, USA) and diluted 1:3 with Trixcell+, a commercial 

porcine semen extender (IMV-Technologies, L ’Aigle, France). The samples were then cooled 

at 4°C and transported in an isolated electric cooling box (Dometic-Waeco, Emsdetten, 

Germany) to the sorting laboratory for the following procedures. 

 

3.1.5 Semen evaluation 

Immediately after collection, semen samples were placed in a Styrofoam box and brought to 

the on-site laboratory. Sperm concentration (Counting chamber Thoma, Paul Marienfeld, 

Lauda-Königshofen, Germany), volume (100ml graduated cylinder with accuracy 1ml, Duran 

Group, Mainz, Germany) and pH (pH indicator strips, Macherey-Nagel, Düren, Germany) 

were measured.  

 

 

3.1.5.1 Motility 

The preliminary motility evaluation took place while still at the on-site laboratory. 

Subsequent to the initial gross evaluation of the samples described above, the percentage of 

total (TM) and progressive motility (PPM) as well as kinetic rating (KR, see Table 9 for 

definition of motility parameters) were subjectively determined using a phase-contrast 

microscope (Olympus, Tokyo, Japan)  with heated stage (HT-50, Minitube, Tiefenbach, 

Germany) set at 37° at 200x magnification after diluting the raw sample 1:10 in Trixcell+, a 

commercial boar semen extender (IMV-Technologies ,L ’Aigle, France).  
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At the sorting laboratory, all motility evaluations were undertaken using a computer-assisted 

sperm analyser (CASA, Hamilton-Thorne Biosciences, Beverly, MA, USA). Prior to 

measurements, samples were diluted further with Trixcell+ to obtain a concentration of 

10x106 sperm cells/ml in Eppendorf Safe-Lock 1.5ml tubes (Eppendorf, Hamburg, Germany) 

and incubated for 10 min at 36°C on a heating block (HT200, Minitube, Tiefenbach, 

Germany). Following incubation, 10µl of the sample were placed in the Makler counting 

chamber (SEFI Medical Instruments, Haifa, Israel) of the CASA system and 10 fields with 60 

frames were then measured to evaluate between 200-1000 sperm cells. Each measurement 

was repeated once and only accepted if results deviation between both samples was <10%. 

CASA measurements were undertaken immediately at arrival in the laboratory,  

- after staining and incubation,  

- after sorting and ultracentrifugation  

- during liquid storage over three days on each day at 0, 3 and 6 hours of incubation.  

 

After staining with the fluorescent dye Hoechst 33342® (BisBenzimide H33342 

Trihydrochloride, Sigma-Aldrich Chemie, Taufkirchen, Germany), sperm cells could be 

registered in the CASA by activation through a halogenic light source and fluorescence 

measuring. Prior to staining or when evaluating non-sorted, non-stained control samples, 

the phase-contrast function was used. 

 

 

3.1.5.2 Membrane integrity and mitochondrial capacity 

 

To evaluate the effect of the sorting procedure on the structural integrity of the sperm 

plasma membrane and the energy reserves of the mitochondria, samples were evaluated at 

every experimental step of transport, staining, sorting and through all liquid storage 

measurements using a flow cytometer (FACS, Gallius, Beckman-Coulter, Krefeld, Germany).  

A dye combination of Sybr® 14 (Mo Bi Tec, Göttingen, Germany) and Propidiumiodide (PI, Mo 

Bi Tec, Göttingen, Germany) was used to evaluate plasma membrane integrity. Sybr® 14 

permeates the cell plasma membrane of all cells independent of its status. At excitement 

through an optical laser, the cells containing Sybr® 14 emit light in the green spectrum.  
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PI is a red-fluorescent nuclear and chromosome counterstain and only permeates damaged 

cell membranes [Garner et al. 1994]. It emits red light (636 nm) on excitement. In membrane 

damaged cells, PI counterstains Sybr®14 and allows distinguishing between cells in different 

populations according to their membrane status [Garner et al. 1994, Garner & Johnson 

1995]. MitoTracker® Deep Red (Thermo Fisher Scientific, Waltham, MA, USA) is a deep-red 

fluorescent dye that stains mitochondria in live cells and remains permanently bound to 

them even after the cells have died or when mitochondrial function of the cells is diminished 

through multiple labeling (here: Hoechst 33342, Sybr® 14/PI) [Chazotte 2011]. 

 

In this experiment, all dyes were diluted with Ca2+-free PBS-solution (Sybr® 14: 1:100, PI: 

1:10, Mitotracker®: 1:1000) prior to mixing with the sample material. As preparation for flow 

cytometric analysis, an aliquot of each sample (10µl adjusted to 5x 106 sperm cells/ml with 

Trixcell+) was mixed with a dye combination consisting of 2.5µl Sybr® 14, 3µl PI and 1µl 

Mitotracker® Deep Red) in 480µl Trixcell+ and incubated at 37°C for 15 minutes in FACS 

tubes (5ml, Greiner BIO-ONE, Frickenhausen, Germany). Two tubes per sample (double 

measurements) with each a total of 10.000 cells were then analyzed and sperm cells were 

classified as membrane damaged when they emitted both green/Sybr ®14 and red/PI or only 

red/PI. Only the Sybr® 14 positive and PI negative cell population (intact membrane) was 

gated into the mitochondrial analysis. Final evaluation only classified intact membrane cells 

with positive Mitotracker® Deep Red emission as viable sperm cells with high mitochondrial 

energy reserves. 

 

 

3.1.5.3 Morphology 

Sperm cells were scanned for gross morphological abnormalities twice at the same 

experimental steps as motility and membrane analysis. Prior to the evaluation, an aliquot of 

each sperm sample was transferred into a 1.5ml Eppendorf tube and diluted to 5x 106 

cells/ml in Hancock solution and fixated. Afterwards, 6µl of the suspension were transferred 

onto a glass microscope slide and reviewed under a phase-contrast microscope (Olympus 

BX60, Hamburg, Germany) with green filter (IF550, Olympus, Tokyo, Japan) at 1000x 

magnification using oil immersion (Merck, Darmstadt, Germany). 200 cells or 100 cells for 

sorted samples were evaluated and abnormalities classified into primary, secondary or 
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tertiary damages caused during spermatogenesis, sperm maturation inside the epididymis or 

during and after sperm collection, respectively, as listed in Table 10. 

 

3.1.5.4 Statistics 

All statistical analyses were based on the means of double measurements for motility, flow 

cytometric evaluation, and morphological examinations. 

 

Statistical analyses were performed using JMP 12 statistic software (SAS Institute Inc. 2015, 

Cary, NC, USA). Wilcoxon’s test was used to compare semen characteristics and morphology 

results of all studied animals. Data are expressed as means (x)̅ and standard deviation (± SD). 

Pearson’s correlation analysis was used to analyze the relation of mitochondrial energy 

reserves shown by flow cytometric detection with the rate of progressive motility 

determined by CASA.  

 

Mixed model ANOVA was used to compare semen characteristics of all studied animals 

during the different phases of the experiment from transport to sorting and among non-

sorted and sorted groups during liquid storage evaluation. Data are expressed as means (x)̅ 

and standard deviation (± SD). For analyses of the 6h thermo-resistance-tests, multi-factor 

variance analysis was used to describe fixed effects of studied subjects, treatment (sorted vs. 

non-sorted) and time. Effects with more than two factors were further evaluated by Tukey-

Kramer-Test to compare multiple pairwise means. Results are shown as Least-Square-Means 

(LS-Means) and pooled standard error (SEM). Probability of significance was assumed at 

p≤0.05 
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3.2 SEMEN COLLECTION IN A MALE BACHELOR GROUP OF BOTTLENOSE 

DOLPHINS OVER THREE CONSECUTIVE YEARS 

 

 

 

 

Overview chart 1: Collection and evaluation of bottlenose dolphin semen 
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3.2.1 Behavioral conditioning 

All study animals at Dolfinarium Harderwijk had been trained previously to participate in 

medical training sessions through operant conditioning, using positive reinforcement, which 

are either primary  (food) or secondary (verbal praise, rub-downs, favourite toys etc.) 

reinforcers. The medical training allows veterinarians and caretakers to perform various 

medical examinations voluntarily on the animals without causing stress through restraining 

measures. Blood sampling through fluke venipuncture, urine sampling, feces sampling, blow 

(exhale) sampling, ultrasound examinations, tube hydratation and even gastroscopical 

interventions can all be performed with most animals at this facility. The basis for all medical 

behaviors is the relaxed positioning in a body to trainer orientation that allows easy access 

to the inspected body parts. After a calm position has been achieved with an animal, slow 

desensitization starts to accustom the animal to the manipulation of the body parts that are 

to be inspected. For semen collection the basic position of the animal is in lateral orientation 

to the poolside, ventral side up and above the water surface. Two trainers are involved in 

the process with one holding the tail of the animal above the water surface and prevent 

splashing, and the other performing the manipulation. Various tactile stimulations around 

the genital area are then used to induce the animal to extend the penis out of the genital 

opening. Prior to this study, all used male subjects had been previously trained to present 

the penis in a ventral-up position, however, the success of actual semen collection was 

mixed (see 3.1.3), which is why a different training approach was developed to increase 

success in achieving an ejaculation from the males. As the response of the males was often 

slow and they could not attain full erections, it was speculated that the current training 

method did not provide enough preparation time and consequently males did not achieve a 

state of sexual arousal prerequisite to perform an ejaculation. As it was also necessary for 

experimentations, males were now conditioned to a strict schedule of semen collection with 

the same handler at the same time and place each week, creating a routine that the animals 

can anticipate and where the preparations of the session itself can serve as a time for the 

males to receive necessary stimulation through anticipation of the procedure. Additionally, 

the presence of the second trainer holding the tail was removed from the procedure to 

avoid any kind of distraction from that second person that was not in visual range of the 

animal in ventral-up position, which could have been causing discomfort in the animal. 

Instead, the remaining handler now sat with legs in the water underneath the tail of the 
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dolphin and gently supporting the animal so that the genital area remained above the water 

level. This position enabled the dolphin to see the only person that came into physical 

contact with it and it allowed greater freedom to move the tail while still preventing 

excessive splashes to contaminate the samples. 

 

3.2.2 Manual semen collection 

After positioning was under control, animals were induced to extend the penis through a 

signal consisting of a tapping onto the ventral area just anterior to the genital opening. After 

extension of the penis it was controlled in particular if the erection formed was complete 

and ready for ejaculation. The fibro-elastic type of penis in dolphins is most similar to that of 

bulls. The functional reflexes and physiological process of erection and ejaculation in the bull 

have been described previously [Watson 1964, Ashdown & Hafez 1993]. However, a slight 

amount of blood influx into the corpus cavernosum takes place in the erection of the 

cetacean penis [Slijper 1966, Rommel et al. 2007], so for the classification of penile erection 

phases to judge if the animal was in a pre-ejaculatory state the same five clinical phases of 

erection were used as in the general mammalian reproductive physiology description 

[Jünnemann 1988, Busch 2001]: 

1. Latency phase: Enlengthening of the penile shaft, increase of arterial blood flow 

through relaxation of the erectile tissue. 

2. Tumescence phase: Increased blood influx and decreased venal blood outflow 

through an increase in volume and pressure in the corpus cavernosum penis. 

3. Erection phase: Penis is fully extended and hardened, pulsating penile shaft, pressure 

inside the corpus cavernosum is stabilized, arterial blood flow decreases. 

4. Rigidity phase: Maximal erection of penile shaft and glans penis, venal blood outflow 

stops. 

5. Detumescence phase: Volume and pressure decrease, erection ends. 

As the anatomy of the penis as well as the copulatory behavior of dolphins and bulls is 

similar, ejaculation occurs during the short intromission of the penis into the female, which 

happens after phase 4 of erection has been achieved [Beckett et al. 1974]. Consequently, for 

manual semen collection in this study the pulsating penis muscles could be felt by holding 
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the penis shaft and considered to be the moment just before maximal erection. If the 

pulsating action did not start, often while the penis was not fully enlengthened as well, the 

animal was supported in stimulation by a gentle squeezing of only the penis tip, providing a 

target for further extension and also trying to simulate the female vulva, to induce full 

erection and proper body movements facilitating intromission like in natural copulation. If 

the animal subjectively appeared in a pre-ejaculatory phase, the penis was carefully 

supported and directed towards the collection device, using the forward-propelling fluke 

movements of the animal itself. When the penis was in close proximity and aligned to the 

collection funnel, the handler grasped the penis with a gloved hand around the middle of the 

shaft and applied gentle pressure while moving with a squeezing stroke upwards in direction 

of the penis tip. Ejaculation followed immediately in 2-5 seminal jets expelled under high 

pressure. During ejaculation the handler maintained pressure on the penis, - simulating a 

natural copulation -, until all ejaculatory contractions stopped and no more fluid was 

produced anymore. Then the animal was bridged and rewarded with food. The pressure of 

ejaculation made it possible to hold the collection device in front of the penis without 

directly touching it, as this usually irritated the animals and could prevent a successful 

collection. 

 

3.2.3 Video recording of ejaculation response 

During preliminary training sessions and desensitization as well as when the males 

ejaculated on the day prior to semen collection, the animals were allowed to ejaculate freely 

without using a collection device in order to observe ejaculation. For further analysis of the 

mechanism of ejaculation in dolphins, the sessions were recorded with a video camera 

(GoPro Hero 4, GoPro Inc, San Mateo, CA, USA) attached to the head of the handler for later 

evaluation. Videos were reviewed in slow-motion to distinguish single seminal jets and if 

they were sperm-rich or sperm-free. 
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3.3 FLOW-CYTOMETRIC SEX-SORTING OF BOTTLENOSE DOLPHIN 

SPERMATOZOA 

 

 

 

 

Overview chart 2: Gender-specific sorting of bottlenose dolphin sperm 
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3.3.1 Semen preparation 

 

After arrival at the sorting laboratory sperm samples that were selected for sex-sorting were 

diluted to a concentration of 200x 106 sperm/ml using Trixcell+. An aliquot of each sample 

was evaluated using CASA, FACS, and phase-contrast morphology as described previously 

(see chapter 3.1.5.1 to 3.1.5.3) to determine motility values, plasma membrane status, and 

mitochondrial capacity, as well as morphological damages before sex-sorting  

 

 

3.3.2 Fluorescent labeling 

 

For fluorescent staining, each single vial containing 1ml of sample with 200x106  sperm/ml 

was mixed with 5µl of Hoechst 33342 and then incubated at 36°C for 60 min. Immediately 

after staining, the motility of the samples was controlled subjectively under a phase-contrast 

microscopy (200x magnification). The samples were then split into two groups with the first 

group being diluted further in Trixcell+ to 100x106 sperm/ml and mixed with 1µl of the food 

dye FD&C Red 40 (Warner Jenkinson Company, St. Louis, MO, USA). The food dye can 

penetrate only damaged membranes and diminishes the fluorescence of Hoechst 33342, 

allowing to exclude those sperm from sorting. The second group was used for quality 

analysis by CASA, FACS and morphological evaluation post-staining. 

 

 

3.3.3 Sorting 

 

For separation of X- and Y- chromosome carrying sperm cells, a modified flow cytometric 

procedure was used basing on the Beltville Sperm Sexing Technology® [Johnson et al. 1999]. 

Sorting was performed in a high-speed cell-sorter (MoFlo® SX, Beckman Coulter, Krefeld, 

Germany) with the software Summit™ (Version 4.3.02, Beckman Coulter, Krefeld, Germany). 

An Yttrium Vandat solid-state laser (2W, set to 180mW output power, Coherent Laser®, 

Dieburg, Germany) was used to excite Hoechst 33342 fluorescence. The sample fluid stream 

passed through the flow cytometer using the Sexcess® Fluid system (Masterrind, Verden, 

Germany). A total of 6x 106 sperm cells were subsequently sorted and directed into 10ml 
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tubes (Greiner, Nürtingen, Germany) filled with 500µl of TES-TRIS buffer used as catch fluid 

and containing 10µl of seminal plasma from dolphin M2.  

 

 

3.3.4 Centrifugation and Resuspension 

 

After sorting samples were centrifugated at 900g for 20 min (Eppendorf Centrifuge 5702, 

Eppendorf, Hamburg, Germany). The supernatant was removed and the sperm pellet 

resuspended in 1ml Trixcell+. One group of samples from each male was used immediately 

for post-sort evaluation (CASA, FACS, morphology), while the remaining samples were slowly 

cooled to 4°C and consequently stored for the following three days to be used for liquid 

storage evaluations. 
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3.4 LIQUID STORAGE OF SEX-SORTED BOTTLENOSE DOLPHIN SPERMATOZOA 

 

 

 

 

Overview chart 3: Liquid storage evaluation of bottlenose dolphin semen after sex-sorting 
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3.4.1 Liquid storage evaluation 

 

All samples used for liquid storage evaluation remained in the 10ml tubes after 

resuspension, then submerged in individual water baths and placed in a refrigerator to 

slowly cool down to 4°C. On the following days, one tube per animal and per day was used 

for evaluation. The semen of each tube was divided in two Eppendorf vials and incubated at 

36°C for 6 hours (HT-200, Minitube, Tiefenbach, Germany) on each of the three following 

days (day 1-3) to perform a thermo-resistance-test on the samples. Immediately at the 

beginning of incubation (after 10 min of temperature equilibration at 36°C) an aliquot of 

each sample was taken for the 0h evaluation and directed to CASA, FACS, and morphology 

evaluation as described previously. All evaluations were repeated at 3h and 6h, respectively. 

For comparison, the control group of semen samples consisted of non-sorted semen that 

was liquid stored together with the sorted samples at the same time on the day of sorting 

(day 0). Control group samples were then removed from the refrigerator and used for a 

thermo-resistance-test together with the sorted samples on days 1-3. 
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4   Results 

 

4.1 SEMEN COLLECTION IN A MALE BACHELOR GROUP OF BOTTLENOSE 

DOLPHINS OVER THREE CONSECUTIVE YEARS 

 

4.1.1 Training results 

After an initial training and adaptation period, three of the four males reliably ejaculated by 

manual stimulation. M3 started reliably ejaculating in March 2016, after a prolonged 

additional training period. Every animal consistently ejaculated on the first attempt and was 

not physically able to produce another ejaculate in the same session. All males responded 

well to semen collection attempts by actively supporting the occurrence of ejaculation with 

a copulatory reflex consisting of coordinated pelvic movements that matched the 

stimulation efforts by the handler. For body line-up, all males were calmly laying upside-

down in lateral orientation at the poolside, resting their tail on the legs of the trainer and 

their pectoral fins touching the water surface. For all males in the study, after the training 

had achieved reliable ejaculation, they did so in every following attempt of the whole study 

time, reaching a success rate of 100% in attaining an ejaculation through manual 

stimulation. 

 

 

4.1.2 Description of ejaculation behavior 

 

The forming of a proper full erection proved to be the most challenging part of the initial 

training. Gentle holding underneath the penile shaft usually resulted in penile muscle 

contractions, which could be felt easily as pulsations along the shaft while the penis tip 

visibly moved rhythmically forward and backward aligned with these contractions. If these 

pulsations did not start and erection progress stopped, the stimulation of the penis tip (see 

chapter 3.2.2) helped in all cases to induce the contractions to start and the penis to extend 

further.  
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After a complete erection was achieved, animals usually started to show pre-ejaculatory 

anticipation and physical responses, which was characterized by them starting to become 

more agitated and restless in their behavior, compared to the relaxed and calm position at 

the beginning of the procedure. The typical signs included rhythmic pelvic thrusts to push 

upwards in direction of the stimulus, quick side-to-side movements of the head and raising 

of the pectoral fins up in the air as they appeared to grab a non-existing partner. 

Synchronously with these physical actions or a few seconds later, ejaculation occurred. The 

analysis of the videos recorded during training sessions proved to be an important assistance 

to find the ideal preparation and stimulation for every individual animal. In slow-motion 

review it was possible to see the change of fractions during ejaculation, which were 

otherwise not visually distinguishable due to their high pressure and almost simultaneous 

delivery. Slow-motion footage showed for all males that ejaculations consisted of three to 

four contractions that were expelled with high pressure in very short intervals almost 

simultaneously. Judging from their appearance the first jet of semen was usually of high 

volume but light-grey or clear in color, which hints to low sperm concentration. The second 

and third jet of semen appeared with milk-white color and a creamy consistence. The last 

fraction showed a much lower pressure than the previous three and was usually expelled 

within a short interval after the first three. It usually consisted of several spurts that 

gradually changed in color back from a creamy-white appearance to clear liquid. In the later 

experimental phase, the first three fractions could not be collected separately due to their 

high pressure and almost simultaneous delivery. The last fraction was usually lost as the 

pressure was not sufficient to force the sample into the collection container. It usually 

though only consisted of a few drops representing a very low volume. Based on the 

observations during collection, we classified ejaculates occurring with the above mentioned 

behavioral responses and consisting of both low and high concentrated fractions expelled 

during several contractions as complete. Single fractions of mostly low or azoospermic 

concentration expelled with low pressure occurred in all males during the initial training 

period and were classified as incomplete ejaculations. 
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4.1.3 Ejaculate characteristics 

 

Average ejaculate parameters for volume, sperm concentration, pH and the motility scores 

for all four males were compared over the whole research period (Table 3). While regarding 

to volume, concentration and progressive motility individual differences between the males 

were found, the total motility of all four males did not differ significantly over the research 

period (Figure 1). Overall motility data were hardly affected during the 4h transport to the 

FLI laboratory. Although semen analysis was performed directly after semen collection under 

a phase contrast microscope and the CASA evaluation was performed after a 4h transport 

and cooling phase, total motility only decreased in average 3% for all study subjects. For 

values determined in the laboratory after transport, only plasma membrane integrity based 

on Sybr® 14/PI analysis differed significantly among animals (p<0.05, Table 4). M2 exhibited 

overall lowest average values for progressive motility (CASA) and mitochondrial capacity 

(Table 4). Except for 2 consecutive days in spring 2016, when M2 delivered samples with low 

motility and higher abnormal morphology affecting the overall statistical analysis of this 

male, morphological examination of sperm showed a consistently low number of 

abnormalities for all males in fresh samples after transport with less than 5% abnormal 

sperm. Percentage of sperm with normal morphology did not differ significantly among 

studied animals (p>0.05), which confirmed results from previous studies with the same 

animals. The progressive motility values determined by CASA correlated positively for all the 

males with mitochondrial capacity (r=0.96; p<0.05; Figure 2).  CASA values of selective 

samples measured after the transport did only show a small discrepancy compared to 

motility subjectively measured under phase-contrast optics right after collection. 
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Table 3    Mean values of basic ejaculate parameters of weekly collected dolphin ejaculates 

 M1 (n=106) M2 (n=106) M3   (n=76) M4 (n=55)a ANOVA 
x ̅ ± SD p-value 

Ejaculate 
characteristics 
 

     

Conc.  (x106/ml) 676.0 ± 419.0    742.1± 483.5 626.5 ± 493.1 699.6 ± 344.7 <0.0001 
Volume (ml) 52.3 ± 20.6 43.7 ± 7.9 55.1 ± 17.2 64.7 ± 22.2 <0.0001 
pH 7.4 ± 0.1   7.5 ± 0.1 7.5 ± 0.1 7.5 ± 0.1 n.a. 
Sperm 
characteristics 

     

Total motility  
(%)b 

95.6 ± 2.8  95.8 ± 2.9 95.8 ± 2.5 95.8 ± 2.9 0.9966 

Progr. motility 
(%)b 

90.7 ± 3.4  85.9 ± 3.8 90.8 ± 3.1 91.1 ± 3.5 0.012 

Kinetic Rating 
(0-5)c 

 

  4.7 ± 0.5    5.0 ± 0.2   5.0 ± 0.2   4.9 ± 0.3 n.a. 

a M4 contributed a total of 106 ejaculates to the study, but azoospermic ejaculates were 
discounted 
for basic ejaculate parameter evaluation 
b Subjectively determined by examining four fields of semen at 37°C 
c Subjective grading of sperm kinetics: 0 = no movement, 5 = rapid forward progression 
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Table 4     Assessment of bottlenose dolphin ejaculates after transport 
 

 M1 (n=12) M2 (n=12) M3 (n=12) M4 (n=12) ANOVA 
  x ̅± SD   p-value 
Sperm 
concentration 
(x106/ml) 

 454.1 ± 166.4 450.2 ± 150.7   381.6 ± 162.9   482.8 ± 214 n.a. 

Total motility                          
(%)a 

97.7 ± 1.9 98.4 ± 1.5 96.8 ± 3.7 94.6 ± 2.3 0.090 

Total motility                
(CASA%)b 

94.8 ± 3.1 92.1 ± 8.0 94.0 ± 4.5 91.9 ± 5.6 0.367 

Progressive motility      
(CASA%)b 

81.8 ± 3.5   75.6 ± 17.1 81.8 ± 4.9 86.1 ± 7.8 0.257 

Mitoch. capacity            
(FACS%) 

82.8 ± 6.3 79.3 ± 8.7 84.2 ± 6.9 86.5 ± 2.0 0.156 

Viability 
(FACS%) 

89.0 ± 4.6 87.9 ± 5.2 90.1 ± 3.6 93.0 ± 1.2 0.034 

Morphologically 
intact  (%) 

97.5 ± 1.3 95.9 ± 5.4 98.2 ± 1.4 98.7 ± 0.7 0.091 

Abnormalities                        
(%) 

     

Head 0.8 ± 0.7 0.2 ± 0.4 0.2 ± 0.4 0.5 ± 0.5  
Midpiece 0.6 ± 0.8 0.5 ± 0.7 0.7 ± 1.1 0.4 ± 0.5  
Flagellum 1.0 ± 1.2 3.3 ± 5.3 0.9 ± 1.0 0.3 ± 0.6  

 

a Subjectively determined by examining four fields of semen at 37°C, immediately after 
ejaculation 
b determined by computer-assisted sperm analysis (CASA) after 4h transport in TRIXCELL+ 
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Figure 1 Motility scores of all weekly semen samples. All males provided sperm with high motility (x ̅ = 95,96 %) over the course of the whole 
research period. Azoospermic events in M3 and M4 are discounted. On 30th May and 6th June 2016, M2’s samples were contaminated with salt-
water, leading to reduced motility caused by abnormal morphology due to osmotic shock and were consequently discounted from the statistics. 
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Figure 2 Positive correlation of mitochondrial capacity measured by flow cytometry and progressive motility determined by CASA suggests that 
coordinated sperm movement depends on high mitochondrial energy reserves. 
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4.1.4 Seasonal effects 

 

To determine the effects of a possible seasonally fluctuating sperm production, the ejaculate 

volume and sperm concentration of samples collected weekly was entered into a chart 

showing the development over the whole 27 months of the study time. The two older 

studied animals M1 and M2 showed clear seasonal pattern with peaks of sperm production 

in spring and late summer months and times of lower sperm numbers during winter months 

(Figures 3 and 4). Over the course of the study period, M1 and M2 always exhibited peaks of 

sperm concentration simultaneously, in April/May 2016, September 2016 and then four 

consecutive peaks between April and September 2017. 

 

The late start of collection of M3, as well as a break in spring 2017, made an exact prediction 

of seasonality for him difficult, but results of high sperm concentration in spring and summer 

months and a decline towards the winter 2017 suggest that also this animal follows a similar 

pattern (Figure 5). In the second winter, M3 exhibited azoospermic ejaculates on a few 

occasions in January and February and an overall lower sperm concentration compared to 

the older males in the same time period. In 2017, M3 exhibited three consecutive peaks of 

sperm concentration that corresponded to the four-peak period of the older males in the 

same year. Unfortunately, sampling of M3 did not take place between March and May 2017; 

therefore   the fourth peak in sperm concentration measurements is missing. 

 

Regarding M4, the weekly semen collection provided samples over the whole study period 

like for M1 and M2, but in this animal only azoospermic ejaculates could be obtained during 

all fall and winter sessions (Figure 6). M4 exhibited peak sperm concentrations in spring and 

summer months, but with a delay of about two months compared to M1 and M2. In general, 

the younger animals M3 and M4 shared a seasonal pattern with the older males but 

exhibited times in the winter months with lower sperm concentration or azoospermia. These 

episodes were followed by times with highly concentrated ejaculates in the summer months 

where the values were comparable to those of the older males. High production continued 

into late fall and then often ceased dramatically in the younger males, while the older males 

showed a slower decline and never exhibited any azoospermic times during the study. 
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Figure 3 Seasonal development of sperm concentrations in ejaculates of M1. Each point represents one ejaculate collected per week. Weekly 
sperm count calculated from sperm concentration per ml x total ejaculate volume. Broken lines: no sample data available, see text for description. 
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Figure 4 Seasonal development of sperm concentrations in ejaculates of M2. Each point represents one ejaculate collected per week. Weekly 
sperm count calculated from sperm concentration per ml x total ejaculate volume. Broken lines: no sample data available, see text for description.
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Figure 5 Seasonal development of sperm concentrations in ejaculates of M3. Each point represents one ejaculate collected per week. Weekly 
sperm count calculated from sperm concentration per ml x total ejaculate volume. Broken lines: no sample data available, see text for description. 
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Figure 6 Seasonal development of sperm concentrations in ejaculates of M4. Each point represents one ejaculate collected per week. Weekly 
sperm count calculated from sperm concentration per ml x total ejaculate volume. Broken lines: no sample data available, see text for description. 
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Ejaculate volumes fluctuated weekly for all four males and a correlation with sperm 

concentration could not be seen in any of the males, although for M1 several peaks of both 

volume and concentration occurred simultaneously. To eliminate the influence of volume 

fluctuation onto the seasonality analysis, the total sperm count was determined for all males 

by multiplication of sperm concentration x ejaculate volume and were added to the 

seasonality charts to display the seasonal development of total weekly sperm output. The 

direct comparison of each male’s weekly sperm output showed that both peaks and lows of 

sperm production are similar for each male as they are for sperm concentration (Figure 7). 

Despite the high peaks of sperm concentration in M2, the sperm output curve of this male is 

the overall flattest due to the significantly lower ejaculate volume M2 exhibited compared to 

the other animals. Azoospermic ejaculations occurring in the younger M3 and M4 naturally 

led to a weekly sperm output of 0, which only occurred during overall low production in the 

winter-time. Sperm production increased slower in the spring months in the younger 

animals than in M1 and M2, with M4 even remaining in an azoospermic state 6-8 weeks 

longer while the other males already experienced peaks in sperm production. In M1 

azoospermic ejaculations occurred on several occasions during the initial training phase, but 

second collections at least 60 minutes after the first then always provided sperm-rich 

samples. After training was completed and all the males conditioned to the schedule and 

routine of collection, sporadic random azoospermic ejaculates did not occur anymore.  
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Figure 7 Total weekly sperm output of all studied males over the whole research period. Peaks in sperm production occur for all males with little 
variability in spring and summer months. Winter months are characterized by low sperm output or even longer azoospermic periods.

0

500

1000

1500

2000

2500

O
ct

N
ov D
ec Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n Ju
l

Au
g

Se
p

O
ct

N
ov D
ec Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n Ju
l

Au
g

Se
p

O
ct

N
ov D
ec

W
ee

kl
y 

sp
er

m
 o

ut
pu

t (
x1

08 /
m

l)
M1 M2 M3 M4



 
 

Results 

 

 
50 

 

Despite the apparent seasonal fluctuation of sperm concentration in all males, the motility 

of collected samples was stable for all four subjects over the whole research period and was 

not influenced by season (Figure 1). Average total motility exceeded 95% for all males and 

did not differ significantly among the four study subjects (Table 3). Two occasions of lower 

total motility in M2 coincided with an unusually high number of coiled flagella 

malformations and were observed after the male had splashed the trainer and the samples 

with salt-water.  

 

 

4.2 FLOW CYTOMETRIC SEX-SORTING OF BOTTLENOSE DOLPHIN 

SPERMATOZOA 

 

4.2.1 Ejaculate characteristics 

 

All semen samples collected for sex-sorting were checked to fulfill the requirements for 

further experiments. Starting values of basic ejaculate characteristics are shown below 

(Table 5). Briefly, total motility of samples and progressive motility was required to be above 

95% and 85% respectively, to be selected for sex-sorting. Semen samples were large in 

volume (x=̅44.5 ml) and sperm concentration (x=̅1.054x106 sperm/ml) and the total sperm 

count of ejaculates was always sufficient (x=̅46.3x109) to supply enough spermatozoa for the 

respective experiments (Table 5). 
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Table 5    Ejaculate characteristics of bottlenose dolphin semen directly after collection 

 M1 (n=6) M2 (n=6) M3 (n=6) All males (=18) 
x ̅ ± SD 

Ejaculate parameter 
 

    

Conc.  (x106/ml) 969.6 ± 167.5c 1241.3 ± 345.3d  952.8 ± 384c  1054 ± 324.4 
Volume (ml) 
Total count (x109) 

   38.5 ± 3.6c 

37.5 ± 8.5a,c 
     45.8 ± 6.7 

  57.4 ± 20.a,d 
49.2 ± 9.3d 

44.1 ± 7.7b 
    44.5 ± 8 
    46.3 ± 15.1 

pH      7.4 ± 0.1        7.5 ± 0.1      7.4 ± 0       7.4 ± 0.1 
 
Sperm characteristics 

    

Total motility  (%)a        99 ± 0  98.8 ± 0.4 98.6 ± 0.5 98.8 ± 0.4 
Progr. motility (%)a   85.2 ± 1.0a,c   88.1 ± 1.5d   90.6 ± 2.5b 87.4 ± 4.1 
Kinetic Rating (0-5)b 

 
 4.8 ± 0.4 5.0 ± 0 5.0 ± 0   4.9 ± 0.2 

 

a Subjectively determined by examining four fields of semen at 37°C 
b Subjective grading of sperm kinetics: 0=no movement, 5= rapid forward progression 
a:b p≤0.01; c:d p≤0.05 
 
 
 
 
 
4.2.2 Sperm status after sorting 

 

For the evaluation of effects of the sorting procedure on sperm characteristics and health, 

three measurements were made at each phase of the sorting procedure including 

“Transport”, which reflects the status of sperm after arrival at the laboratory and before the 

sorting procedure starts, “Staining” after incubation with Hoechst 33342® and “Post-Sort” 

after the final step of sex-sorting, ultra-centrifugation, and resuspension. 

 

At arrival at the sorting facility the total motility of all study subjects was already reduced 

but remaining for all above 90%. Progressive motility of samples after transport did not 

differ significantly (p=0.82) from fresh samples immediately after collection. Plasma 

membrane integrity and mitochondrial capacity of all males were rated above 85% at arrival 

(Table 6.1). After staining with Hoechst 33342®, motility values were clearly reduced for all 

males, but the grade of reduction was variable among the study subjects. In M3, the 

difference in total motility of the samples at laboratory arrival and after staining was not 
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significant, contrary to the other two subjects. However, progressive motility became 

significantly reduced after staining for all males. The two older subjects M1 and M2 

experienced drops both of total and progressive motility around 8 and 10% respectively 

after staining while the young male’s total motility just decreased 2% on average and overall 

remained high at 90%. In M3, the difference in total motility of the samples at laboratory 

arrival and after staining was not significant, however, progressive motility in this animal 

became significantly reduced after staining and only remained slightly higher compared to 

the other two.  

 

The values for mitochondrial capacity determined by Mitotracker® activity during flow 

cytometric evaluation correlated well with progressive motility in all males at arrival after 

transport and also after sorting. After staining, Mitotracker® values were still unchanged 

while motility had already experienced a clear drop (Figure 8). Between transport and 

staining, no significant decrease in mitochondrial capacity was observed, but it significantly 

dropped after sorting, when the values again approached a similar level as progressive 

motility (Table 6.1). 

 

 

Sybr®14/PI classification of sperm cells revealed a majority of cells remaining undamaged 

after staining (Analysis field PI C1), and damaged cells could be distinguished clearly in two 

populations of low PI response (partially damaged, PI C2) and high PI response (damaged, PI 

C4). All mentioned populations did not differ significantly between transport and staining 

measurements (Table 7.1), but after sorting, plasma membrane integrity experienced a 

sharp drop coinciding with elevated numbers of both populations exhibiting a PI response 

(Figure 9). For partially damaged cells, the PI C2 value could at times be lower after staining 

than the starting value measured at arrival at the laboratory, as it happened in two of six 

study weeks. 

 

 

 

 

 



 
 

Results 

 

 
53 

 

 
 
Table 6 .1    Dolphin semen characteristics undergoing pre-sorting preparations and sorting 
 

Phase Value Male 1 (n=12) Male 2 (n=12) Male 3 (n=12) All males (n=36) 

  x ̅ ± SD   

Transport Total motility                                
% 

93.2 ± 3.9 93.5 ± 2.9 92.1 ± 5.7 92.8 ± 4.3 

Progressive motility      
% 

87.4 ± 4.6 88.2 ± 4.5 90.4 ± 3.4 87.1 ± 5.9 

Viability                            
% 

86.4 ± 3.4 85.3 ± 3.3 84.2 ± 4.1 85.4 ± 3.6 

Mitoch. capacity     
% 

 88.4 ± 2.7c  88.3 ± 1.9c      86.1 ± 2d 87.7 ± 2.4 

Staining Total motility                    
% 

 85 ± 7c  85.4 ± 3.3c         90 ± 3.3d 86.6 ± 5.3 

Progressive motility      
% 

     78.7 ± 7.4      77.8 ± 3 81.5 ± 6.2 79.2 ± 5.9 

Viability                            
% 

  86.9 ± 2.1a  82.4 ± 4.4b  82.9 ± 3.8b       84.1 ± 4 

Mitoch. capacity     
% 

  89.3 ± 2.3a  84.3 ± 5.6b  88.8 ± 2.6a       87.4 ± 4.4 

Post-
Sorting 

Total motility                    
% 

     80 ± 5.2a  82.7 ± 5.9c      87 ± 5.4b,d          83 ± 6 

Progressive motility      
% 

  73.3 ± 3.9a  73.9 ± 4.7a 79 ± 7b      75.2 ± 5.6 

Viability           
% 

     59 ± 4.7a      60.3 ± 7a 54.5 ± 3.3b      58.1 ± 5.7 

Mitoch. capacity     
% 

73.6 ± 3.9      70.9 ± 9.8     70.1 ± 6.7      71.6 ± 7.2 

 
Values are the mean ± SD 
One ejaculate per week of all males was collected over six weeks for sorting experiments. 
Each ejaculate was divided in two equal parts and tested simultaneously. Motility scores and 
plasma membrane characteristics determined by CASA and flow-cytometry (FACS), 
respectively. 
a:b p≤0.01; c:d p≤0.05 
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Figure 8 Dolphin sperm motility and mitochondrial activity correlate both pre- and post-
sorting but with discrepancy at the staining phase. 
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Figure 9 Membrane integrity of dolphin sperm cells measured as Sybr®14/PI activity during 
flow cytometry, showing damaging effects increase mainly during the sorting procedure. a:b 
p≤0.01; c:d p≤0.05 
 
 

 

 

Table 7.1 Test response for PI C1 value of membrane intact sperm cells shows no difference 
between transport and staining phases. 
 
Least Squares Means Table    
Phase Least Sq Mean SEM Mean Differences Tukey HSD  

α=0.050   Q=2.38702 
 

Transport 85.3 0.6 85.3 A 
Staining 84 0.6 84.1 A 
Post-Sort 57.9 0.6 58.1     B 
Levels not connected by same letter are significantly different. 
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Gross morphological examination of the sperm cells at each step showed a high rate of 

morphologically normal cells for all males at arrival at the laboratory (Table 6.2). In males 2 

and 3, observations of morphologically normal cells did only decrease by 0.2% and 1.6%, 

respectively. In correlation with male 1 (4.5% decrease) and the overall drop after sorting for 

all males (6.4-8.7%), this change is very subtle at most. Additionally, male 3 showed a 

significantly higher rate compared with the two older subjects regarding normal 

morphology. Nevertheless, the differences of transport and staining phases for all males are 

significant (Table 7.2), but again after sorting a much sharper drop can be observed. 

Statistical analysis showed that for the morphological abnormalities responsible for these 

drops, flagellum malformations take up the majority of morphological changes with a mean 

of 7% for all males, while head malformations only account for 2.6% of all changes and not 

being significant among phases. 

 

 
 
Table 6.2    Dolphin semen normal morphology before, during and after sorting 
 

Phase Value Male 1  
(n=12) 

Male 2  
(n=12) 

Male 3  
(n=12) 

All males 
(n=36) 

   x ̅ ± SD   

Transport Morphology 
normal        % 

 98.3 ± 0.8a   96 ± 0.6b  98.8 ± 0.8a    97.6 ± 1.5 

Staining Morphology 
normal        % 

93.8 ± 1.8a 95.8 ± 0.7c     97.2 ± 0.8b,d    95.5 ± 1.8 

Post-Sorting Morphology 
normal        % 

85.1 ± 2.8a   88.5 ± 2.3b,c     90.8 ± 2.1b,d    88.0 ± 3 

 
Values are the mean ± SD 
One ejaculate per week of all males was collected over six weeks during for sorting 
experiments. Each ejaculate was divided in two equal parts and tested simultaneously. 200 
sperm cells per male and sample evaluated for gross morphological changes. 
a:b p≤0.01; c:d p≤0.05 
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Table 7.2 Test response for effect of male study subject at collection, showing youngest 
male in study exhibiting highest values of morphologically normal sperm cells. Differences 
between phases for all males are significant, but minimal between transport and staining. 
 
 
Male Least Sq Mean Differences Tukey HSD 

α=0.050   Q=2.46119 
 

3 95.8 A 
1 93.4     B 
2 92.4     B 
Levels not connected by same letter are significantly different. 
 
 
Least Squares Means Table 
Phase Least Sq Mean Std Error Mean Differences Tukey HSD  

α=0.050   Q=2.46119 
 

Transport 97.8 0.46 97.6 A 
Staining 95.7 0.46 95.5     B 
Post-Sort 88.2 0.46 88         C 
Levels not connected by same letter are significantly different 
 
 
 
 

4.3 LIQUID STORAGE OF SEX-SORTED BOTTLENOSE DOLPHIN SPERMATOZOA 

 

For all males the motility values, both total and progressive, as well as viability and 

mitochondrial capacity measured by FACS, differed significantly between Sort and Control 

Group for all days 1-3 and each measurement of 0, 3, and 6 hours of the thermo-resistence 

test (Table 8.1). 

 

Starting values for the 3-day liquid storage, evaluation results are shown in tables 4.1 and 

4.2 after sorting procedures were completed. On the next morning, approximately 16 hours 

after sorting, liquid storage evaluation began on Day 1, with thermo-resistance test at 0h, 

where all males’ samples started with high values between 75-85% total motility (70-74% 

progressive motility) in both sorted and control group. After thermo-resistence test for six 

hours, the semen of male 1 experienced a loss of 19% motility for control group and 25% for 
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sorted group, respectively. These values represented the highest loss of motility during 6h 

incubation, male 2 and 3 lost 20 and 18% motility for sorted, but less than 10% for control 

groups (Appendix Table 15). On the following days, loss of motility remained at similar 

values for male 1, but for male 2 increased to 30% for sorted semen, so reaching a similar or 

lower level than male 1. Male 3 remained on its overall low value of motility loss during 

incubation with 19% being the final value for this animal. Motility loss in control group was 

always significantly lower than in sorted groups in all males and all three days, remaining at 

a quite stable level around 10% for males 2 and 3. Results of male 1 on days 2 and 3, 

however, left the expectable range reaching 20% at day 2 but on day 3, an average increase 

of 4% could be measured for this male, meaning that the final motility value after six hours 

was higher than the starting value at the beginning of the incubation. 

 

For all three males the pooled motility values steadily decreased, measured over the six 

hours of thermo-resistence test, with each consecutive day of testing starting at a lower 

level. For sorted and control groups, the main differences in the motility curves were found 

in the overall lower entry level of sorted groups and the steeper decrease, especially obvious 

from day 1 to 2 of testing (Figure 10.1 and 10.2). Overall, total motility never decreased 

below 60% for control groups, but did so and even below 50% for sorted groups on day 2 

and 3, respectively. 
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Figure 10.1 Motility decrease in unsorted (Control) samples during 6h incubation on 3 
consecutive days is shallow and remains always above 60%. 
 
 
 
 

 
 
Figure 10.2 Motility levels of sorted samples during 6h incubation on 3 consecutive days 
start on lower values and experience faster decrease, ending below 60% on day 1 and below 
50% on days 2 and 3, respectively. 
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The viability of the sperm in control groups was overall excellent and decreased slowly over 

time (Table 8.1). Interestingly for this value, it was male 3 sperm that experienced the 

highest loss of viability, falling on 53% at 6h on day 3 while male 1 sperm on the other hand 

remained a high viability of 74% at this point (Appendix Table 15). While this difference was 

striking as opposite to the development of the motility values, the overall decrease of 

viability in all males was minor at most, seldom reaching 10% or higher. This decrease was 

similar in the sorted group, nevertheless the much lower entry levels of viability for sorted 

samples and their decrease over the consecutive days and tests supported the impression of 

the damaging effect of the sorting procedure on the sperm plasma membrane.  

 

A comparison of all males over all sampling days and times showed a significant effect of the 

sorting in regards to observed damage of the plasma membrane by FACS, both for low and 

high interaction with the Sybr® 14/PI dye mixture. In Control group, no significant difference 

could be detected between the amount of partially damaged and dead sperm cells over the 

whole course of thermo-resistence tests, while for sorted sperm, a significantly higher 

proportion of sperm is classified as partially damaged (Figure 11.1 and 11.2). 
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Table 8.1 Liquid storage evaluation of sorted and non-sorted bottlenose dolphin sperm, 
motility and plasma membrane characteristics 
 

Day Time Value All males 
(n=36) 

Sort Control 
Day 1  

0h 
 

Total motility              % 
Progr. motility             % 
Viability                      % 
Mitoch. capac.            % 

           77.6 ± 1a 

           70.8 ± 4.9a 

           59.1 ± 7.1a 

           70.7 ± 7.3a 

             85.3 ± 7.7b 

             76.8 ± 7.3b 

             85.2 ± 7.5b 

             86.9 ± 5.9b 

 
3h 

Total motility              % 
Progr. motility             % 
Viability                      % 
Mitoch. capac.            % 

 59.4 ± 6.9a 

 49.9 ± 9.8a 

 51.6 ± 5.3a 

 59.5 ± 10a 

             75.9 ± 9.3b 

67.3 ± 10.2b 

80.1 ± 10.3b 

81.3 ± 10.8b 

 
6h 

Total motility              % 
Progr. motility             % 
Viability                      % 
Mitoch. capac.            % 

  56.1 ± 9.4a 

    45.7 ± 11.5a 

  50.1 ± 6.4a 

  53.9 ± 8.5a 

             73.4 ± 9.8b 

             64.7 ± 8.6b 

77.9 ± 10.4b 

75.2 ± 11.9b 

Day 2  
0h 

Total motility              % 
Progr. motility             % 
Viability                      % 
Mitoch. capac.            % 

    69.4 ± 10.6a 

    60.6 ± 10.2a 

            56.9 ± 9.2a 

            67.7 ± 7.6a 

             80.8 ± 7.3b 

             71.1 ± 8.5b 

81.3 ± 10.1b 

82.2 ± 10.1b 

 
3h 

Total motility              % 
Progr. motility             % 
Viability                      % 
Mitoch. capac.            % 

    47.3 ± 12.6a 

    38.5 ± 13.3a 

            45.5 ± 6.8a 

            53.6 ± 8.4a 

72.2 ± 13.1b 

81.8 ± 13.3b 

75.5 ± 12.7b 

76.9 ± 15.4b 

 
6h 

Total motility              % 
Progr. motility             % 
Viability                      % 
Mitoch. capac.            % 

    42.2 ± 15.3a 

    33.8 ± 15.6a 

            45.2 ± 8.6a 

    47.9 ± 11.6a 

66.5 ± 15.3b 

55.9 ± 17.3b 

74.3 ± 12.1b 

73.3 ± 16.7b 

Day 3  
0h 

Total motility              % 
Progr. motility             % 
Viability                      % 
Mitoch. capac.            % 

    66.1 ± 11.4a 

    57.1 ± 13.6a 

            56.4 ± 5.4a 

            59.4 ± 7.4a 

69.4 ± 10.8b 

61.1 ± 11.9b 

71.1 ± 12.3b 

71.9 ± 13.5b 

 
3h 

Total motility              % 
Progr. motility             % 
Viability                      % 
Mitoch. capac.            % 

            45.1 ± 9.7a 

    35.8 ± 10.2a 

            49.6 ± 4.4a 

            54.8 ± 9.4a 

             64.4 ± 9.1b 

55.3 ± 11.1b 

65.7 ± 13.9b 

64.1 ± 17.6b 

 
6h 

Total motility              % 
Progr. motility             % 
Viability                      % 
Mitoch. capac.            % 

            40.5 ± 8.9a 

            31.7 ±.9.1a 

            47.6 ± 4.9a 

            50.6 ± 9.4a 

63.7 ± 11.2b 

55.8 ± 13.3b 

64.1 ± 13.5b 

60.1 ± 17.9b 

 
Values are the mean ± SD; a:b p≤0.01; c:d p≤0.05 
One ejaculate per week of all males was collected over six weeks for sorting experiments.  
Each ejaculate was divided in two equal parts and tested simultaneously.  
Motility scores and plasma membrane characteristics determined by CASA and flow 
cytometry (FACS), respectively. 
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Figure 11.1 Flow cytometric classification of partially damaged sperm cells shown as low-
interaction Sybr®14/PI response, representing all results of thermo-resistence tests over 6 
hours on 3 consecutive days. A higher proportion of sperm cells of the sorted group is 
partially damaged in comparison to the control group. 
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Figure 11.2 Flow cytometric classification of dead sperm cells shown as high interaction 
Sybr®14/PI response, representing all results of thermo-resistence tests over 6 hours on 3 
consecutive days. A higher proportion of sperm cells of the sorted group is dead in 
comparison to the control group, additionally, the difference of partially damaged and dead 
cells in the sorted group is significant, while in the control group it is not. 
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Mitochondrial capacity of sorted sperm cells was overall significantly reduced compared to 

the unsorted control group (Table 8.1). In both groups, at the 0h testing, mitochondrial 

capacity was usually in similar range as the progressive motility, but over the course of 

thermo-resistence incubation, progressive motility dropped faster than mitochondrial 

capacity and ended at a significantly lower level (p<0.001) after 6h. This reaction 

corresponds well to the results observed from Transport to Staining and Sorting phases, 

when progressive motility dropped already at the staining phase while mitochondrial 

capacity remained at a higher level for this step. 

 

In sorted samples, the Mitotracker® affinity of low and high interaction split up into two very 

distinct populations at 6h testing, while the control group usually retained only one 

population, which was just slightly shifted towards the range of lower mitochondrial energy 

reserves (Figure 12). 

 

Gross morphological changes of the sperm cells during thermo-resistence testing 

represented the most stabile of all values, similar to the results during the sorting steps. 

Normal morphology remained >70% for all males and sampling times. Compared to the 

control groups, sorted semen presented a reduced value of normal morphology, and 

observed in detail this difference could mainly be attributed to abnormalities of the 

flagellum, which led to a significant increase in the other malformations section (Table 8.2).  

Flagellum malformations were the most common observed abnormalities after sorting 

where it also leads to a significant increase (Table 6.2). Head malformations including 

acrosomal changes were the least observed changes in sperm morphology and were often 

not significant between Sort and Control Group (Table 8.2). 

 

The amount of morphologically abnormal sperm was highest in M1, which exhibited as the 

only of the study subjects already an increase of malformations on the first sampling point of 

thermo-resistence testing, while the other males started with morphology values that were 

almost identical to the values measured immediately after sorting (see Table 6.2 and 

Appendix Table 16), so they experienced no morphological changes between storage after 

sorting  on Day 0 to the start of thermo-resistence testing on the following Day 1. 
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Figure 12 Response shown for Mitotracker® Deep Red flow cytometric analysis with levels at 
0h and 6h for sorted dolphin sperm (A and B) and unsorted (Control, C and D) sperm. Peak 
surfaces above 10 represent sperm cells with high energetic reserves. In sorted samples, 
higher numbers of sperm cells are less energetic, which accumulates and increases at a more 
dramatic rate during incubation than in unsorted samples and results in a distinct second 
peak representing low-energetic cells in the sample (B), while in the unsorted sample, only a 
slight shift of the still single peak to lower energy levels can be observed. 
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Gross morphological changes of the sperm cells during thermo-resistence testing 

represented the most stable of all values, similar to the results during the sorting steps. 

Normal morphology remained >70% for all males and sampling times. Compared to the 

control groups, sorted semen presented a reduced value of normal morphology, and 

observed in detail this difference could mainly be attributed to abnormalities of the 

flagellum, which led to a significant increase in the other malformations section (Table 8.2).  

Flagellum malformations were the most common observed abnormalities after sorting 

where it also leads to a significant increase (Table 6.2). Head malformations including 

acrosomal changes were the least observed changes in sperm morphology and were often 

not significant between Sort and Control Group (Table 8.2). 

 

The amount of morphologically abnormal sperm was highest in M1, which exhibited as the 

only of the study subjects already an increase of malformations on the first sampling point of 

thermo-resistence testing, while the other males started with morphology values that were 

almost identical to the values measured immediately after sorting (see Table 6.2 and 

Appendix Table 16), so they experienced no morphological changes between storage after 

sorting  on Day 0 to the start of thermo-resistence testing on the following Day 1. 
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Table 8.2 Liquid storage evaluation of sorted and non-sorted bottlenose dolphin sperm, 
morphology results 
 

Day Time Value All males 
(n=36) 

Sort Control 
Day 1  

0h 
 

Morphol. normal             % 
Headpiece abnorm.        % 
Other                                 % 

        86.5 ± 3.4a 

2.9 ± 1.2 
        10.5 ± 2.7a 

         94.9 ± 2.1b 

           2.1 ± 1.4 
 2.9 ± 1.5b 

 
3h 

Morphol. normal             % 
Headpiece abnorm.        % 
Other                                 % 

 85.1 ± 3.2a 

  2.8 ± 1.3 
         12.1 ± 2.7a 

91.7 ± 2.6b 

 2.6 ± 1.7 
            5.6 ± 2b 

 
6h 

Morphol. normal             % 
Headpiece abnorm.        % 
Other                                 % 

 81.9 ± 2.4a 

  3.5 ± 1.5 
 14.6 ± 1.9a 

89.1 ± 2.6b 

 3.2 ± 1.6 
  7.7 ± 2.2b 

 
Day 2  

0h 
Morphol. normal             % 
Headpiece abnorm.        % 
Other                                 % 

 82.9 ± 3.8a 

   4.1 ± 1.3a 

    13 ± 3.1a 

         92.2 ± 2.3b 

           2.7 ± 1.3b 

               5 ± 1.5b 

 
3h 

Morphol. normal             % 
Headpiece abnorm.        % 
Other                                 % 

 79.5 ± 4.2a 

      4 ± 1.3a 

 16.2 ± 2.9a 

         89.9 ± 2b 

           3.1 ± 1.5b 

           7.1 ± 1.4b 

 
6h 

Morphol. normal             % 
Headpiece abnorm.        % 
Other                                 % 

 77.2 ± 4.3a 

   5.1 ± 1.6c 

 17.6 ± 3.4a 

         86.5 ± 2.2b 

           3.4 ± 1.5d 

         10.1 ± 2.5b 

Day 3  
0h 

Morphol. normal             % 
Headpiece abnorm.        % 
Other                                 % 

 82.1 ± 4.6a 

  3.7 ± 1.7 
 14.2 ± 3.5a 

         90.2 ± 3.2b 

           3.2 ± 1.4 
           6.5 ± 2.1b 

 
3h 

Morphol. normal             % 
Headpiece abnorm.        % 
Other                                 % 

 79.3 ± 3.7a 

  3.8 ± 1.7 
 16.9 ± 3.3a 

         87.3 ± 2.5b 

           3.1 ± 1.4 
           9.5 ± 2.2b 

 
6h 

Morphol. normal             % 
Headpiece abnorm.        % 
Other                                 % 

 75.6 ± 4.3a 

 4.5 ± 1.7 
 19.9 ± 3.2a 

         84.6 ± 2.9b 

           3.7 ± 2 
         11.6 ± 2.2b 

 
Values are the mean ± SD; a:b p≤0.01; c:d p≤0.05 
One ejaculate per week of all males was collected over six weeks for sorting experiments.  
Each ejaculate was divided in two equal parts and tested simultaneously.  
Morphological abnormalities registered by microscopical examination of 200 sperm per 
sample.
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5  Discussion 

 

5.1 SEMEN COLLECTION IN A MALE BACHELOR GROUP OF BOTTLENOSE 

DOLPHINS OVER THREE CONSECUTIVE YEARS 

 

5.1.1 Importance of research 

The correct assessment of male dolphin reproductive physiology demands a working semen 

collection routine providing sufficient stimulation to produce ejaculates that represent the 

characteristics of ejaculates produced by natural copulation. The use of collected dolphin 

semen is not limited to artificial insemination, but the collected data provides valuable 

information for the development of a male contraception method for cetaceans. 

Contraception in exotic animal collections is often either applied to the females with variable 

success or involves physical castration of the males, which is a costly and invasive procedure 

and permanently removes animals from the breeding programs. In cetaceans, physical 

castration has not been undertaken due to the intra-abdominal testes and difficult sedation 

and surgery of these animals. To develop a working method for a reversible contraception in 

male dolphins, reliable semen collection results are a requirement, providing information 

about seasonal or age-related factors influencing spermatogenesis and overall fertility. 

 

Additionally, detailed knowledge of individual males’ seasonality can also provide the means 

to use well-timed separation of animals for contraception or to select a male for breeding 

naturally or through AI specifically at the highest time of sperm production. 

 

5.1.2 Semen collection training and physiology of the ejaculatory reflex 

Semen collection in trained bottlenose dolphins is carried out to facilitate the use of artificial 

insemination and to identify mature animals as a vital part of animal management intended 

to prevent inbreeding and overpopulation of limited habitat space. As the study results 

suggest, seasonal factors can influence sperm production of individual animals to a degree 
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where even no sperm is produced for certain periods of time. Knowledge of these seasonal 

patterns of each individual male is of highest importance when judging a male’s maturity 

and reproductive capacity. 

 

In previous studies, semen collection from bottlenose dolphins was carried out in a 

sequential manner, collecting several ejaculates in quick succession during one prolonged 

training session until an ejaculate or several ejaculates provided a sufficient number of 

sperm for experimentation [Schroeder & Keller 1989; Robeck & O’Brien 2004; Yoshioka 

2008; Takenaga et al. 2013] or as part of the overall experimental design [Yuen et al. 2009]. 

This was not required in the males used in the present study. After ejaculation, the animals 

were at least for one hour in a refractorial phase before they were able to deliver a second 

ejaculate. This may be an indication for a complete copulatory response with a physiological 

exhaustion. 

 

The characteristics of sequential dolphin ejaculates were described in detail in two studies 

[Yoshioka 2008; Yuen et al 2009]. It was found that dolphins could ejaculate up to ten times 

during a 10-20 minutes session. While the volume of the first ejaculates collected in these 

studies was comparable to our complete ejaculates, they often did not contain any sperm. 

This also occurred several times in our study collecting from M1, when several attempts of 

collection delivered seemingly complete ejaculates (judged by volume alone), but which 

were azoospermic. As in all these events the male then delivered highly concentrated 

ejaculates on the second attempt after an hour of rest, we safely assume these incomplete 

ejaculates to be caused by an insufficient preparation time or stimulation, which 

consequently led to the failure of emission of sperm-rich seminal fluid preceding ejaculation. 

Further ejaculates collected in a sequential manner had much lower volumes but were 

highly concentrated, especially the second and third ejaculates in a collection sequence. This 

is in contrast, to observations in stallions and bulls where an increase of the collection 

frequency resulted in a decrease of ejaculate volume and concentration [Cunningham et al. 

1967; Magistrini et al. 1987]. A sequential collection technique always led to decreased 

sperm counts in subsequent ejaculates of stallions, chimpanzees and goats [Pickett et al. 

1985; Marson et al. 1989; Ritar et al. 1992; Silvestre et al. 2004]. 
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In a study with three bottlenose dolphin males conducted at uShaka Marine World in South 

Africa, second ejaculates were collected 30 min after the first ejaculation [van der Horst et 

al. 2018]. These males provided increased sperm concentration and motility in consecutive 

ejaculates, but their overall ejaculate counts did not exceed oligospermic states. Ejaculate 

volume, concentration and kinetic rating were lower than for the males in our study. The 

actual collection method was not described in detail in this publication, but it was confirmed 

by the author that only a subtle stimulation was given to the animals and often collection 

was undertaken without a complete erection attained [Luther, personal communication]. 

Other published studies indicate that manual stimulation during dolphin semen collection is 

often very short or does not even involve stimulation of the penis itself, but only of the 

perineal area [Keller 1986; Robeck & O’Brien 2004; Yuen et al. 2009]. In general details of 

the training approaches or stimulation methods used for dolphin semen collection were 

discussed at several closed workshops. This makes a comparison of the method used in this 

study with previous studies difficult. However, the amount of semen we collected indicates a 

more complete ejaculation than described in other experiments. 

 

In stallions, ejaculates can be collected fractionally and ejaculation can even be interrupted 

completely by premature release of pressure [Crump & Crump 1989]. If during a collection 

attempt the stimulation is insufficient or stopped too early, male dolphins may experience 

only one ejaculatory contraction containing mainly prostate secretions and little sperm. In 

consecutive collection attempts just minutes after the first male subjects would usually be 

more stimulated, explaining higher sperm concentrations.  

 

In our studies great importance was attached to maximum stimulation of the sperm donors, 

which resulted in typical ejaculation patterns of several seminal jets expelled in very quick 

succession and with high force. The distribution of sperm concentration in these fractions 

(intermediate -> high -> low; judged by visual appearance) corresponds well to the results of 

sequential ejaculate collections where the single ejaculates collected in short intervals 

provided similar results [Schroeder & Keller 1989; Yoshioka 2008; Yuen et al. 2009; Takenaga 

et al. 2013]. It can be assumed that if dolphins are not sufficiently stimulated during semen 

collection, ejaculates are fractionized and interrupted. Sequential collections in short time 

spans then gain a high number of ejaculates, compensating for reduced sperm output after 
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low stimulation, but in expense of seminal fluid volume and with fluctuating sperm 

concentrations. 

 

In previous studies quality of dolphin ejaculates was judged solely on sperm concentrations 

as this affected the necessary numbers for cryo-preservation the most [Robeck et al. 2004]. 

Accordingly, AI procedures were developed to work with a minimum number of sperm, as 

ejaculate volumes and sperm concentrations were often low and several ejaculates were 

needed to cover experimental requirements [Robeck et al. 2004, 2005, 2010, 2013]. 

Consequently, it was suggested by experimenters that a sequential collection procedure 

might provide a working method to collect fractionated samples gaining higher concentrated 

samples [Robeck et al 2004; Yuen et al. 2009]. However, sequential ejaculate collection 

demands more time and effort to gain good-quality samples risking later fractions with high 

concentration to be lost due to low ejaculation pressure and contamination with pool water 

during collection.  

 

Furthermore, it was reported that very high sperm concentrations dissolved in small 

ejaculatory volumes as it occurs on sequential ejaculates may immobilize sperm [Yuen et al. 

2009]. Rather than a very high concentration of sperm, it is very likely that the amount of 

accessory gland fluids in later ejaculates may be incomplete and cause insufficient accessory 

secretions, which have an essential influence on sperm motility and sperm survival in the 

female genital tract as well as during storage [Takenaga et al. 2013].  

 

A prerequisite for a complete ejaculation is seemingly a predictable collection schedule, 

requiring sufficient preparation time with contact to the trainer during body positioning and 

direct stimulation of the erected penis from the onset to the completion of ejaculatory 

contractions. Our experiment indicates that a complete semen collection requires only a 

single ejaculation. This supports conclusions drawn from behavioral observations that 

courtship and multiple incomplete intromissions serve as a precursor to a successful 

copulation characterized by a complete intromission, providing sufficient stimulation to the 

penis and resulting in ejaculation, after which the copulatory bout is ended and a break 

occurs prior to the next sexual interaction defined by the males’ refractory periods [Tavolga 

& Essapian 1957; Puente & Dewsbury 1976].  
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5.1.3 Seasonality of sperm production 

 

To our knowledge, long term evaluations of male reproductive seasonality in bottlenose 

dolphins have not been thoroughly investigated so far or are limited to single individuals 

only. Here we report for the first time about a 2-years observation of weekly sperm output 

and analysis of major sperm characteristics, using four adult males living together in one 

social group. 

 

All our studied animals produced high quality semen surviving cooling and a 4h transport to 

the laboratory with only minimal losses of motility and excellent integrity rates of plasma 

membrane and mitochondrial capacity as determined by flow cytometry. Positive correlation 

of progressive motility and mitochondrial activity indicate that dolphin sperm need high 

energy reserves in the mitochondria.  Morphological sperm integrity as investigated in 

randomly selected samples showed overall low grades of abnormal sperm for all males 

measured during all seasons of the year. For seasonal effects we focused therefore on sperm 

motility and the total count of sperm produced week by each animal. Our long-term 

observation results suggest that sperm production represented by the weekly sperm counts 

was influenced by season.  

 

Testosterone acts as the primary regulator for sperm production in the testicles of mature 

animals. Previous studies on the seasonality of sperm production in bottlenose dolphins are 

limited. In only one other study, an adult male was sampled over a comparable time period 

of 28 months [Schroeder & Keller 1989] and the results were comparable to the four males 

used in this study. In the tested male, blood samples were collected on the day of semen 

collection. It was found that testosterone serum peaks preceded peaks in sperm 

concentrations about four to six weeks.  

 

Another study compared serum testosterone levels, sperm concentration and testicular 

volume measured by sonography in five male Indo-Pacific bottlenose dolphins. Testosterone 

serum levels and sperm concentrations showed no or only fair correlations. However, it is 

still unproven in cetaceans whether the level of testosterone in the peripheral blood reflects 

the intra- or peri-testicular concentrations [Yuen 2007]. In Globicephala macrorhynchus, 
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testosterone levels in the testes, as found in extracted and homogenized testis tissue, were 

up to 180 times higher than serum levels [Kita et al. 1999]. In our study, we had to refrain 

from taking additional blood samples for serum testosterone evaluation due to animal 

welfare reasons. Regarding a possible association of testis size and sperm density of 

ejaculates, sonographic measurements taken on the same day as the semen samples did not 

provide a clear correlation of these two values. A moderate association was found for three 

younger, maturing subjects as the age related growth effects may have had an overall effect 

and resulted in stronger associations, but the fully adult male in the study showed no or only 

low correlations in all comparisons of testis size and ejaculate density [Yuen 2007]. 

 

In another study with one adult male aging 15 years, semen was collected once to twice 

weekly over two years [Montano et al. 2007]. Like M4 in our study this dolphin exhibited 

long periods of azoospermic ejaculates during winter months. Interestingly, in both studies 

azoospermic ejaculates also occurred sporadically on single occasions during the time of 

peak sperm production. These might actually be an artifact of insufficient preparation and 

stimulation of the male instead of showing a seasonal factor, as discussed in chapter 4.1. 

Regarding the azoospermic results of M3 and M4 during the winter periods we are positive 

that they reflect true seasonality as both the behavior and ejaculation mechanism were 

unchanged from spring and summer collections and were subjectively classified as complete 

ejaculations. Also, second and third collections conducted at a minimum of one hour after 

the first collection did not provide any sperm in the ejaculates of these two animals. 

 

If serum testosterone levels were also influenced by season, then they affected only the 

sperm production in our animals reflected by the weekly total sperm counts. Motility of 

spermatozoa did not show any seasonal fluctuation as it remained at stabile values over the 

course of the whole research period. Ejaculate volume fluctuated weekly for all animals, 

following no seasonal trend. It is more likely that the amount of seminal fluid produced in a 

collection session was influenced by the state of arousal of the animal, its previous and in 

most cases unknown sexual activities with the other dolphins and the quality of the stimulus 

provided by the handler. Presumably, any seasonal effects of testosterone fluctuations on 

the function of accessory glands (in this case the prostate) are so minimal that during all 
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times of the year, dolphin sperm are surrounded with sufficient amounts of seminal plasma 

providing enough energy for sperm movement.  

 

As the pregnancy in bottlenose dolphins is approximately one year, fertilization of females 

happens at the same time of the year as do births. In wild populations, a peak of birth occurs 

in spring and summer months but can take place also at more irregular times, which may be 

described as a “diffuse seasonality” [Urian et al. 1996]. In such cases, where reproductive 

seasonality in female bottlenose dolphins may differ from physiological standards like the 

loss of a previous calf, prolonged lactation or environmental effects like food availability and 

water temperature [Barlow 1984; Wells et al. 1987; Urian et al 1996], it could be 

advantageous if a male is fertile enough for a successful mating. The results of sperm 

collection of the males in this study are in line with such environmental incidents. As sperm 

production costs energy, it is advantageous to the males to decrease sperm production in 

times when the encounter of a fertile female is unlikely, but keeping a baseline production 

and fully functional accessory gland production enables males to fertilize females that 

experience irregular cycling as it can occur in the cases mentioned above. 

 

 

5.2 GENDER SPECIFIC FLOW CYTOMETRIC SORTING OF BOTTLENOSE DOLPHIN 

SPERM 

 

In this study manually collected dolphin semen underwent repeated evaluations to elucide 

any impact, which sperm handling and transport, as well as sex-sorting procedures might 

have on selected sperm characteristics. Analysis of semen motility parameters, plasma 

membrane status, mitochondrial capacity, and gross morphology were divided into two 

experimental parts to determine the effect of handling, preparation, and the actual sorting 

procedure, as well as of a liquid-storage period following immediately after sorting. 

 

Contrary to previous studies on sex-sorting of dolphin spermatozoa, in which semen was 

cryopreserved after sorting [O’Brien & Robeck 2006] or even frozen before transport, 

thawed and recryopreserved after sorting [Montano et al 2012], this study focused on liquid-
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storage of sorted semen only to evaluate its durability for an immediate transport and use in 

AI procedures. 

 

For all pre-sorting and sorting steps, the dolphin semen was diluted and handled in Trixcell+, 

a commercial porcine semen extender designed for long-term liquid storage, retaining high 

motility values [van den Berg et al 2014]. It does not contain egg-yolk, which is a prerequisite 

for sex-sorting by flow cytometry [Maxwell et al 2007]. Semen extenders with egg yolk are 

known to cause particular harsh occlusions in capillary tubings inhibiting the flow passage. At 

least it impairs the correct orientation of the sperm cells relative to the laser source, 

lowering sorting efficiency and purity [van Wagtendonk-De Leeuw et al. 2000], if it does not 

block the whole core stream. 

 

At a temperature of 4°C during transport, all males’ samples arrived at the sorting laboratory 

in excellent conditions determined by CASA, FACS and morphological evaluations, and where 

only minimally reduced or unchanged in comparison to those values measured directly after 

collection. Instead of diluting the semen during transportation to a defined sperm 

concentration, all samples were diluted 1:2 with Trixcell+ to obtain a concentration that is 

significantly lower than the highly dense ejaculates, but still contains more sperm than the 

minimum concentration required for the following processing.  

 

In previous sorting experiments using dolphin semen, raw ejaculates were diluted 1:3 with 

the respective extender and then centrifuged after storage and transport to obtain the 

optimal sperm concentration for subsequent staining [Robeck et al 2006]. By using a lower 

dilution factor, we wanted to avoid additional centrifugation of sperm, which would increase 

reactive oxygen species (ROS) formation in semen. High levels of ROS are associated with 

sperm membrane damage, which may alter sperm function [Shekarriz et al. 1995]. For the 

highly concentrated dolphin ejaculates we obtained in our study, the chosen dilution factor 

seemed to be sufficient enough to provide nutrients and volume to the sperm cells while not 

compromising the minimum number of sperm for subsequent procedures, making 

centrifugation before sorting unnecessary. 
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Post-staining values of motility parameters and plasma membrane integrity were similar to 

the results obtained with similarly stored and transported fresh semen [Robeck et al. 2006] 

and only slightly superior to stained semen that had been frozen and thawed for transport, 

but which had undergone a Density-gradient centrifugation (DGC) to improve sperm motility 

parameters prior to staining [Montano et al. 2012]. However, adverse effects of DGC may 

include an increase of cells with altered chromatin stability [Zini et al. 1999] and does not 

improve sperm apoptotic DNA fragmentation, which is potentially more impacting on 

assisted reproduction outcomes in humans [Stevanato et al. 2008]. As consequence, we 

refrained from additional centrifugation procedures besides the one that is necessary after 

sorting to accumulate sufficient sperm numbers.  

 

Our measurements of mitochondrial capacity and observation of morphological changes 

after staining demonstrated high resilience of dolphin sperm to the staining procedure, as 

both could be classified as unchanged from the values measured after transport. A 

comparison with earlier studies is difficult, as mitochondrial capacity had simply not been 

included in these and morphological observations were limited to acrosomal changes at the 

post-sort evaluation only [Robeck et al. 2006, Montano et al. 2012].  In our study, samples 

showed no significant changes of headpiece malformations including acrosomal changes 

from transport to staining and after sorting. Morphological changes occurred mainly in the 

flagellum after sorting. The abnormal flagella were then either characterized by a “dog-ear” 

like kink at the distal end or were completely broken off at this point. The cause of this 

significant, but still rare abnormality could not be determined, but we speculate it to be an 

effect of physical force applied to the sperm cells during the sorting process or the 

subsequent centrifugation. 

 

Values of progressive motility usually correlated well with values of mitochondrial capacity in 

our study. The discrepancy we observed after staining in this correlation may have been 

caused by immediate effects of the incubation and the interaction of Hoechst 33342 with 

the sperm, reducing the overall motility while mitochondrial capacity remained high. We 

suspect that this might be a reversible effect after all. Some stained samples did not undergo 

a sorting process and were cooled down and stored overnight, after which they were tested 

again. The motility of these samples had then usually restored to a level comparable to the 
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values measured after arrival at the laboratory on the previous day, which supported our 

assumption. 

 

After the sorting procedure, most sperm integrity parameters were significantly reduced. As 

the sperm cells are exposed to multiple stress factors during the sorting preparations and 

procedure, including dilution, staining, multiple temperature changes during incubation, and 

sorting, as the laser exposure, electrostatic charges, and centrifugation, such impairments 

are to be expected [Klinc & Rath 2007]. Processing steps increased the amount of ROS in the 

sperm suspension, due to the electrostatic field sperm have to pass during the sorting 

process and the loss of the natural antioxidation mechanisms of sperm and seminal plasma, 

shifting the balance further towards ROS [Maxwell & Johnson 1999]. However, while a 

reduction of the sperm integrity could be observed, the overall values still remained in good 

to excellent ranges comparable to those established for bovine sperm after sex-sorting [Rath 

et al. 2009]. Our measurement of sperm membrane damage was differentiated into two 

classes of “partially damaged” and “fully damaged” depending on their Sybr® 14/PI 

interaction in the flow cytometric analysis. In previous studies, the membrane status of 

dolphin sperm cells was analyzed using only one parameter “viability”, which does not 

provide the option to differentiate between damage levels [Robeck et al. 2006, 2013, 

Montano et al. 2012]. Consequently, the results regarding membrane status in our study 

differ from values obtained in previous studies. If, however, we add the partially damaged 

cell population to the population of intact sperm, then this value corresponds well to the 

“viability” results found in the previous studies. As partially damaged sperm have a certain 

potential to regenerate, we consider this step legitimate. The potential of partially damaged 

sperm cells to regenerate could actually be shown in our experiments when this value 

decreased after staining and at the same time the undamaged cell population increased 

compared to the state after transport. 

 

 

5.3 LIQUID STORAGE OF SEX-SORTED BOTTLENOSE DOLPHIN SPERMATOZOA 

 

Liquid stored or fresh extended semen is widely used in AI application in horses [Klug 1992, 

Aurich 2008] as well as dogs [England & Millar 2008, Mason 2018]. Often it is preferred from 
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the use of frozen-thawed semen as in general higher pregnancy rates can be achieved using 

fresh semen [Mason 2018, Linde-Forsberg 1993, Sieme et al. 2004] and individual breeder 

males, especially stallions, are often unsuitable for freezing of semen although they overall 

produce fertile samples [Boyle 1996, Tischner 1979, Kuisma et al. 2006]. The damaging 

effects of cryopreservation procedures on sperm cells are well-studied [Rozati et al. 2017] 

and are mainly attributed to oxidative stress, toxicity of the cryoprotectant and the 

formation of intra-cellular ice crystals and/or osmotic imbalances [Thomson et al. 2009].  

 

In bottlenose dolphins, AI has only been performed with either fresh semen immediately 

after collection [Schroeder 1990; Brook & Kinoshita 2004; Katsumata 2010], liquid-stored 

semen for up to 24 hours [Robeck et al. 2005], or frozen-thawed semen [Schroeder 1990; 

Robeck et al. 2005, 2009]. The females inseminated with fresh semen were in all cases 

located in the same facility as the donor males.  

 

In dolphins, the conception rates after AI with fresh versus frozen-thawed semen are 

difficult to determine, as the results have rarely been published or are internally recorded in 

studbook programs, which are not easily accessible. Usually only successful births after AI 

have been published, but without information on the number of necessary trials to achieve 

these pregnancies. In Europe, six live calves resulted from AI procedures so far, five of them 

by fresh/liquid-stored semen, and the overall number of AI procedures to achieve these 

calves was 36, which represents a pregnancy rate of roughly 17% for all AI trials [van Elk, 

personal comm.]. An appropriate record-keeping to compare AI results with different semen 

handling and storage, natural or induced cycling of the females and AI techniques does not 

exist to date. 

 

In a recent study, refrigerated dolphin semen was kept for a time-period of 7 days at 5°C and 

retained its functionality in regards to motility and membrane integrity. The study results 

suggest that refrigeration is a viable alternative to cryopreservation in future AI programs 

[Ruiz-Diaz et al. 2020]. Liquid-storage offers an option that is low-tech in comparison to 

cryopreservation and retains in general a higher number of motile and membrane-intact 

sperm cells [England & Ponzio 1996; Kardirvel et al. 2019].  
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Especially when using sorted semen, which is already stressed from the sorting procedures, 

liquid storage reduces further damage to the valuable sperm. Of course, liquid-stored semen 

still needs to be transported between locations of the donor males, the sorting laboratory 

and the receiving facility, so a generous timeframe has to be considered for the sperm to 

survive. 

 

In our study, we assume that a 72-hours period from semen collection to AI is sufficient to 

sort and transport semen between the participating facilities reaching a cycling female in 

time and to inseminate successfully. Our experiments demonstrated that, despite apparent 

loss of quality parameters of sorted dolphin semen during liquid storage, the semen is 

usable and potentially fertile for use in AI during a 72-hours period. Thermo-resistence tests 

on all three days after sorting simulated AI procedures, mimicking conditions in the female 

reproductive tract. Motility and mitochondrial capacity correlated well for both control and 

sorted group. Although for sorted semen, the final motility and energy values were 

significantly lower than in the control group, they still remained clearly above established 

minimum thresholds accepted to characterize fertile semen used in assisted reproduction 

procedures [Fordyce et al. 2006; Kastelic & Thundathil 2008; Rath et al. 2009; Love 2010]. 

 

Regarding plasma membrane integrity, values suggest that current sorting procedures can 

be very detrimental to dolphin semen. More research is needed, similar to what has been 

done with domestic animal species to improve protection of the sperm membrane during 

sorting through either improved diluter [Michl 2014; Xu 2014; Schmitz 2017] or adjustments 

of the sorting process [Klinc & Rath 2007]. Nevertheless, the values achieved in this current 

research in combination with proper liquid storage provide the means to retain a sufficient 

quality for AI. 

 

Morphological changes seem to prove only a minor effect on sorted dolphin sperm and can 

be assigned at times to contamination that already happened at collection [Yuen et al. 

2009], so care must be taken especially for clean handling of the samples.  
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Overall, the results demonstrate that Trixcell+, a commercially available porcine semen 

extender, is sufficient to protect dolphin sperm during transport, sorting and storage and is a 

cost-efficient alternative as no other media were needed to return high quality samples. 

 

Liquid-stored semen has the significant advantage over frozen-thawed semen that it retains 

a higher number of intact sperm and keeps its fertilizing potential for a longer time after AI 

has been performed. In dolphins, frozen-thawed semen has to be inseminated deeply intra-

uterine, which requires animals to be sedated and restrained [Robeck et al. 2005, 2009, 

2013]. For liquid-stored semen with higher fertility, intravaginal AI procedures are sufficient 

to produce pregnancies and have been performed on animals floating freely in the water, 

under voluntary training. If all aspects can be further improved by continuous research 

efforts, the timeframe of liquid storage of sorted dolphin semen could even be extended, as 

unsorted dolphin semen in appropriate extension media have demonstrated a survival with 

good fertility parameters up to a week after collection [Ruiz-Diaz et al 2020]. Until then, the 

possible 72-hours period should be enabling breeding managers with the possibility to plan 

assisted reproduction procedures using sorted dolphin semen. 

 

Gene-banking applications for species conservation are not limited to the long-term storage 

of gametes through cryopreservation, but also include efforts to share the gene pool 

amongst zoological institutions worldwide and thereby potentially enhancing captive 

populations [Ballou et al. 2010]. If mature females are a minority in defined population, 

breeding will be limited to the actual number of females. Captive populations of endangered 

species require sufficient numbers of reproductively viable, sexually mature males and 

females, and have to be large enough to avoid excessive loss of genetic diversity and a high 

risk of extinction [Ralls & Meadows 2001; Ballou et al. 2010]. For slowly reproducing 

mammals, the gender ratio is an important factor to consider for high breeding efficiencies, 

and in the case of small cetaceans social groupings also have a significant effect on health 

and longevity [Curry et al. 2013]. Under these premises efforts have been made to advance 

reproductive technology to allow sperm sexing and sex pre-selection in the bottlenose 

dolphin [O’Brien & Robeck 2006, 2010a; O’Brien et al. 2009]. Additionally, the organized 

banking of spermatozoa may be of future value for conservation of small cetacean species 

[Wildt et al. 1997, O’Brien & Robeck 2010a]. However, considering the urge of the current 
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captive bottlenose dolphin populations having a surplus of males, the current drawbacks of 

cryopreservation, and the welfare implications of AI procedures on restrained animals, we 

believe that for the routine application in population management the use of sex-sorted 

semen should be combined with liquid storage methods. This low-tech approach is easier to 

achieve for participating facilities and promises a higher success rate of AI, hereby reducing 

cost, workload and reduce the number of necessary AI trials to achieve pregnancy.
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6   Conclusion 

 

In this study we demonstrated a new approach to condition voluntary semen collection in 

bottlenose dolphins that provides a reliable tool to obtain high-quality samples for 

evaluation of reproductive performance and use in assisted reproductive procedures. 

Animals cooperated well and the behavioral observations suggest that this method provides 

a good approach for animal welfare aspect. With the sperm output achieved in this study 

and proper knowledge of each individual male’s reproductive cycle regarding to season, it is 

possible to obtain sufficient numbers of sperm and with excellent fertilizing capacity and 

without the need to collect several consecutive samples. This approach minimizes both the 

physical exertion of animals as well as laboratory workload. The captive bottlenose dolphin 

males in our study exhibit a seasonal sperm production characterized by fluctuations of 

sperm concentration in weekly collected ejaculates. Future research should determine if 

individual differences in seasonality are age-related or if also hierarchical structures among 

the male subjects play a role. If sperm is found in ejaculates, then their motility is constantly 

high and their viability and morphology are normal throughout the season, thus retaining 

fertilizing capacity. As also ejaculate volume fluctuated randomly, it can be assumed that the 

production of prostate, which is the only accessory gland in dolphins, is not seasonal.  

 

Sex-sorting of spermatozoa can be a useful tool in conservation efforts of endangered and 

slow-reproducing mammal species that are available for captive breeding programs. With 

proper handling after collection, during transport, and pre-sorting preparations, bottlenose 

dolphin semen retains acceptable to excellent fertility parameters after the sorting process, 

which overall is a stressful and damaging procedure for mammalian sperm cells. After 

sorting, liquid storage under appropriate conditions concerning extension media 

composition and dilution factor, as well as storage temperature, is the method of choice to 

preserve good quality semen for immediate use in AI intended to control population 

management and optimize the gender ratio for more efficient gene-banking purposes. 

 

For future applications this study has delivered a basic understanding of the reproductive 

seasonality of male bottlenose dolphins. The development of a safe and reliable 

contraceptive for male bottlenose dolphins would prove an important step for animal 
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welfare in human care settings. Female contraception is the only available option so far for 

bottlenose dolphins and demands regular application with a potentially dangerous (for 

human handlers) hormonal substance. Furthermore, its long-term application is not 

recommended due to unknown side effects and reversibility issues on the animals 

themselves. The research on male dolphin ejaculate characteristics presented here shows 

that a complete cessation of sperm production is a natural occurrence in these animals over 

the course of a year.  

 

Ongoing research should combine semen collection with hormonal assays and ultrasound, to 

understand the interaction of gonadal hormones and testicular size and volume with the 

presence or absence of sperm in dolphin ejaculates. We are still a good distance away from 

fully understanding their reproductive seasonality, so as many individuals of different ages 

and in various social groups should contribute to this research for a timely and exact 

development of improved husbandry and reproductive management. 

 

Gender-specific sex-sorting of sperm promises to provide an important tool for social and 

genetic management of captive dolphin populations. As liquid-storage procedures seem to 

be compatible and established in combination with sorting procedures, further research 

should examine the manual semen collection method described here if it provides better 

quality sperm as well for cryopreservation of samples. Long-term gene-banking of 

bottlenose dolphin gametes makes sense with the goal of conservation of this species, but 

also as a mean to study and understand a tractable model species to develop suitable 

assisted reproduction procedures for other endangered cetaceans. 

 

The European Association of Zoos and Aquaria (EAZA) as well as the European Union Zoo 

Directive demand that zoo animals are granted the freedom to express all natural behaviors. 

Regarding reproduction, the zoological facilities have the responsibility for the created 

population in human care in regards to individual animal welfare and population health. 

Future research should focus on these requirements also in the current light of criticism of 

the keeping of cetaceans and the fact that neither reintroductions nor a stop of breeding 

with planned extinction can so far fulfill animal welfare regulations or meet up to the 

expectations of finding a truly ethical solution for animals in human care. 
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7    Summary 

 

Benjamin Schulz 

Investigations into Sperm Sex-Sorting and Reproductive Seasonality in 

Bottlenose Dolphins 

 

Cetaceans face a rising need for conservation including attempts at captive breeding of 

endangered species while little of their biology is known. All cetacean species are 

characterized by a low reproductive rate, thus in limited captive populations, every single 

offspring has a significant impact on population genetics. The use of assisted reproductive 

technologies can help to optimize the reproductive performance of male cetaceans, whose 

genetics are under-represented in the population due to social management reasons and 

the difficulty to transport these animals within exchange programs. Artificial insemination 

(AI) with sex-sorted semen provides a powerful tool for population management and 

breeding of captive cetaceans living in a female dominated social structure. However, sorting 

mammal sperm by flow cytometry may diminish sperm longevity and affect fertility. 

 

This study describes efficient semen collection in bottlenose dolphins and discovers a clear 

seasonal pattern of sperm production. As part of a feasibility study on gene-banking of 

cetacean species, four adult male bottlenose dolphins were trained to provide semen once 

to twice weekly over a period of 27 months. Ejaculation was achieved consistently using a 

modified manual collection technique using operant conditioning. For characterization of 

each male’s reproductive profile, basic ejaculate parameters (volume, sperm concentration, 

pH, total motility and kinetic rating) were determined for each ejaculate immediately after 

collection.  The manually obtained fresh ejaculates were diluted with Trixcell+, a 

commercially available extender developed for porcine ejaculates.  Samples were incubated 

with the DNA dye Hoechst 33342 and sorted in a flow cytometer. Following gender-specific 

sorting, samples were cooled to 4°C and stored for 72 hours. To predict the potential 

fertilizing capacity of sorted dolphin sperm, aliquots were analyzed on three consecutive 

days for their motility, plasma membrane integrity, mitochondrial capacity, and 

morphological changes.  
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The results show that sperm concentrations in all males follow a seasonal pattern, while 

qualitative sperm characteristics were consistent for the individual males during the study. 

The modified manual semen collection technique used in this study demonstrated 100% 

reliability on all study subjects and provided complete physiological ejaculates. Experiments 

using the commercial, egg-yolk free semen extender showed that it can protect dolphin 

sperm during and after sorting, retaining quality of live sperm to be used for immediate 

artificial insemination of females at remote facilities.  

 

The results of this study contribute to the understanding of male cetacean reproductive 

seasonality and ejaculate characteristics to develop improved handling and storage 

protocols for semen samples and optimize social management for scheduled breeding 

events or contraceptive reasons. The survivability of sperm samples over three days 

demonstrated in this experiment enables the necessary logistics to transport dolphin semen 

from the donor facility to a sorting laboratory and from there to the receiving female in time 

for successful fertilization. The liquid storage of sorted dolphin semen provides breeding 

programs access to sex-sorted semen without the need of expensive cryo-preservation 

storage and further loss of sperm quality caused by freezing of the samples. 

 

 

Zusammenfassung 

 

Benjamin Schulz 

Untersuchungen zur geschlechtsspezifischen Sortierung von Spermien sowie 

der Reproduktionssaisonalität männlicher Großer Tümmler 

 

Wale und Delfine sind wachsenden Bedrohungen ausgesetzt, die Erhaltungsmaßnahmen 

auch in Zoohaltungen nötig werden lassen. Alle Waltiere besitzen eine langsame 

Reproduktionsrate, weshalb in kleinen Populationen in Menschenhand jeder einzelne 

Nachwuchs einen signifikanten Einfluss auf die genetische Vielfalt ausübt. Technologien zur 

assistierten Reproduktion können dabei hilfreich sein, die Reproduktion männlicher, 

unterrepräsentierter Tiere zu verbessern und dabei auch die Schwierigkeiten des Transports 

der Tiere sowie Störungen der sozialen Gruppenstruktur zu vermeiden. Die künstliche 
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Besamung mit geschlechtsspezifisch sortiertem Sperma stellt ein bedeutsames Werkzeug für 

die Zucht und das Populationsmanagement für Waltiere in Menschenhand dar. Allerdings 

führt die Sortierung von Säugerspermien oft zur Verringerung der Haltbarkeit und 

Fruchtbarkeit des Samens. 

 

Diese Arbeit beschreibt eine effiziente Methode zur Samengewinnung bei Großen Tümmlern 

und deren deutliche Saisonalität bezüglich der Spermienproduktion. Als Teil einer Studie zur 

Erhaltung von Waltieren wurden vier männliche Tümmler ein- bis zweimal pro Woche 

abgesamt.  Über insgesamt 27 Monate wurden dabei Ejakulate durch manuelle Stimulation 

in Kombination mit freiwilligem und positiv bestärktem Training gewonnen. Sämtliche 

grundlegenden Eigenschaften der Ejakulate (Volumen, Spermiendichte, pH, Motilität und 

Bewegungsmuster) wurden direkt nach der Gewinnung untersucht. Danach wurden die 

Proben mit dem kommerziellen Ebersamenverdünner Trixcell+ verdünnt. Diese Proben 

wurden mit Hoechst 33342 inkubiert und danach geschlechtsspezifisch mittels 

Durchflusszytometrie sortiert. Im Anschluss daran wurden die Proben auf 4°C abgekühlt und 

für 72 Stunden gelagert. Um die Qualität der Samenproben zu untersuchen wurden während 

dieser Zeit in regelmäßigen Abständen Untersuchungen zur Motilitätsbestimmung, des 

Zellmembranzustands, den Energiereserven sowie morphologischen Veränderungen 

durchgeführt. 

 

Die Ergebnisse zeigen eine deutliche Saisonalität aller an der Studie beteiligten Tiere 

bezüglich der Spermiendichte der Ejakulate, während qualitative Eigenschaften der Ejakulate 

für die jeweiligen Bullen konstant blieben. Die verbesserte Samengewinnungsmethode 

durch manuelle Stimulation erreichte eine Zuverlässigkeitsrate von 100% und konnte 

physiologisch komplette Ejakulate von den Bullen erbringen. Die folgenden Experimente 

unter Nutzung des kommerziellen, eidotterfreien Verdünners zeigten, dass er ausreicht, um 

Delfinspermien während und nach der geschlechtsspezifischen Sortierung zu schützen und 

dabei eine zufriedenstellende Qualität des Samens erhält, um zeitnah künstliche 

Besamungen an entfernten Standorten zu ermöglichen. 

 

Die Studie liefert zudem wertvolle Daten zum Verständnis männlicher 

Reproduktionssaisonalität bei Waltieren sowie den typischen Ejakulateigenschaften, um 

bessere Verarbeitungs- und Lagerungsmethoden entwickeln zu können, aber auch um das 



 
 

Summary 

 

 
87 

 

Gruppenmanagement von Tieren in Menschenhand im Zuge von geplanten 

Zuchtprogrammen oder zur Empfängnisverhütung zu erleichtern. Die Lebensfähigkeit der 

Delfinspermien über einen Zeitraum von drei Tagen ermöglicht es bei künstlichen 

Besamungen die notwendige Logistik zum Transport des Spermas zwischen dem 

Samenspender, des Sortierlabors, sowie dem Standort des Weibchens im Zeitrahmen des 

Zyklus für eine erfolgreiche Befruchtung zu organisieren. Weiterhin bietet die Option der 

Flüssiglagerung von sortiertem Delfinspermien den Zuchtprogrammen einen Zugang zu 

dieser wertvollen Technologie ohne die gleichzeitige Notwendigkeit der teureren 

Einfriermethoden und den damit verbundenen Spermienschäden, welche die Effizienz der 

Zucht drastisch reduzieren können. 
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9   APPENDIX 

 

9.1 Reagents and Media 

 

FD&C Red 40: 25 mg dye in 1 ml Aqua bidest. (Warner-Jenkinson Company Inc., St. Louis, 
MO, USA) 

Hancock-fixation: 2.784 g Tri-Sodiumcitrate-Dihydrate, 4 ml 37 % Formaldehyde-solution in 
100 ml Aqua bidest. 
 
Tes-Tris-Puffer: 188 73 mM N-Tris-Hydroxymethyle- Methyle-2-Aminomethane, 84.78 mM 
Tris-Hydroxymethyle-Aminomethane, 11.1 mM Glucose, 0.05 g/l, Gentamycine- 
Sulfate. 
 
PBS: for dilution of dye concentrates Ca2+ free PBS was used: 8.0 g Sodiumchloride, 0.2 g 
Potassiumchloride, 1.16 g Disodiumhydrogenphosphate in 1000 ml Aqua dest.  
 
 
 
 
 

9.2 Sperm analysis 
 
9.2.1 Description of motility parameters 
 
 
Table 9  Motility parameter definition 
 

Parameter Definition 
 

Total motility (TM) 
 

Proportion of motile sperm (%) to the total 
sperm count in a sample 

 
Percent progressive motility (PPM) 

 
Progressively moving sperm cells (%) 

 
 
 

Kinetic Rating (KR): 0-5 

0= no movement 
1= slow speed without forward progression 
2= slow speed with poorly defined direction 
3= slow speed in a forward/curved direction 

4= fast forward movement 
5= rapid forward progressive movement 
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9.2.2 Classification of morphological changes 

 

 

Table 10  Morphological evaluation of sperm (modified based on KRAUSE 1966) 

Type of morphological 
change 

Localization of 
morphological change 

Damage status 

 
 

Headpiece malformation 

 
Acrosome 

- Missing 
- Dissolving 
- Swollen 
- Deformed 

Headpiece - Deformed 
- Paraaxial tail connection 

 
 
 
 

Other malformations 

Neck - Broken 
- Plasma droplet 

 
Midpiece 

- Deformed 
- Broken 
- Plasma droplet 

 
 

Tail 

- Plasma droplet 
- Loop 
- Coiled 
- Coiled around head 
- Bent 
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9.3 Computer-assisted sperm analysis 

9.3.1 Settings for the CASA 

Table 11.1  Setup parameters CASA IVOS (Version 12.0 IVOS, Hamilton-Thorne Bioscience, 
Beverly, MA, USA) 

Analysis Setup Dolphin 
Apply Sort 0 

Frames Acquired 60 
Frame Rate 60 Hz 

Minimum Contrast 40 
Minimum Cell Size 5 Pixels 

Minimum Static Contrast 30 
Straightness (STR), 

Threshold 
20% 

VAP Cutoff 4.0 µm/s 
Prog. Min. VAP 20 µm/s 

VSL Cutoff 1 µm/s 
Cell Size 5 Pixels 

Cell Intensity 96 
Static Head Size 0.5 – 5.0 

Static Head Intensity 0.2 – 1.87 
Static Elongation 5 – 100 
Slow Cells Motile NO 

Magnification 8.75 
Video Frequency 60 

Bright Field NO 
LED Illumination Intensity 2240 

IDENT Illumination Intensity 3586 
Temperature, Set 37°C 
Chamber depth 10 µm 

Chamber position 14.5 mm 
Chamber position B 15.5 mm 
Chamber position C 16.5 mm 
Chamber position D 17.5 mm 

Chamber type Makler 
Field Selection Mode Auto 

IDENT Fluorescent Option OFF 
Integrating time 1 Frames 
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Table 11.2  CASA Settings with fluorescense measurement 

Analysis Setup Dolphin 
Apply Sort 0 

Frames Acquired 60 
Frame Rate 60 Hz 

Minimum Contrast 40 
Minimum Cell Size 5 Pixels 

Minimum Static Contrast 30 
Straightness (STR), 

Threshold 
20% 

VAP Cutoff 4.0 µm/s 
Prog. Min. VAP 20 µm/s 

VSL Cutoff 1 µm/s 
Cell Size 5 Pixels 

Cell Intensity 120 
Static Head Size 0.5 – 5.5 

Static Head Intensity 0.24 – 1.99 
Static Elongation 15 – 100 
Slow Cells Motile YES 

Magnification 6.99 
Video Frequency 60 

Bright Field NO 
LED Illumination Intensity 2187 

IDENT Illumination Intensity 4020 
Temperature, Set 37°C 
Chamber depth 10 µm 

Chamber position 14.5 mm 
Chamber position B 15.5 mm 
Chamber position C 16.5 mm 
Chamber position D 17.5 mm 

Chamber type Makler 
Field Selection Mode Auto 

IDENT Fluorescent Option FULL 
Integrating time 1 Frames 
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Figure 13  CASA evaluation result frame: blue lines: forward progressive motile sperm; 
yellow lines: slow motile sperm, red dots: immotile sperm 
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9.4 Flow Cytometry 

9.4.1 Settings for the Gallios 10/3™ Flow Cytometer (Beckman-Coulter, 
Krefeld, Germany) 

Table 12  Setup parameters Gallios 10/3™, for Sybr® 14/PI/MitoTracker®  Deep Red dye 
detection (FS=forward scatter, SS=side scatter, FL fluorescence channel, BP=band pass, PI= 
Propidium Iodide) 
 
 
 FS SS FL1 FL3 FL6 
Voltage 26 363 396 406 420 
Amplification 2.0 10.0 1.0 1.0 1.0 
Impulse scanner 120 Off Off Off Off 
  
Compensation factor (FL1-FL3) 5,8 
Blue laser On, shutter closed 
Excitation wavelength (nm) Sybr®14  488 
Excitation wavelength (nm) PI 488 
Excitation wavelength (nm) Mitotracker® 644 
Detection wavelength (nm) FL1 (BP) 525 (40) 
Detection wavelength (nm) FL3 (BP) 620 (30) 
Detection wavelength (nm) FL6 (BP) 700 (75) 
Detection channel Sybr®14 FL1 
Detection channel PI FL3 
Detection channel Mitotracker® FL6 
Software version Gallios 1.2 
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9.4.2 Example result sheet from Gallios® test 

Figure 14.1  FACS result screen showing live and dead dolphin sperm populations: C1: blue 
color Sybr® 14 positive, live sperm. C2+C4: red color, partially and fully damaged sperm, 
Sybr® 14 and PI positive 

 

[( B AND E ) OR ( B AND I )] FL3 INT LOG/FL1 INT LOG 
Region Number %Total %Gated X-Median 50.0 X-Mean Y-Median 50.0 Y-Mean 
ALL      11766    67.52   100.00     3.45                  20.9        51.7                  58 
C1          8937    51.29     75.96    3.04                   3.15       60.8                  67.8 
C2          1684      9.66     14.31   17.7                   23.9        24.5                  38.3 
C3               32      0.18       0.27     0.919                 1.42        2.07                  1.98 
C4          1113      6.39       9.46   137                   160          11                     11 
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Figure 14.2  FACS result screen showing PI/Mitotracker® population of dolphin sperm: L1 + 
L3: blue and green, membrane intact sperm (PI negative) where L1 is high and L3 is low 
Mitotracker® detection. L2: red, partially damaged sperm (low PI interaction). L4: red, 
membrane-damaged sperm (high PI interaction) 

 

 

[( ( ( B AND E ) OR ( B AND I ) ) AND NOT ( C2 ) )] FL3 INT LOG/FL6 INT LOG 
Region Number %Total %Gated X-Median 50.0 X-Mean Y-Median 50.0 Y-Mean 
ALL      11285   75.72    100.00   1.76                  5.16       16.8                   17.8 
L1         10155   68.14     89.99    1.71                  1.77       17.4                   18.8 
L2         260         1.74       2.30    6.13                11.8         14.3                   17.7 
L3         319         2.14       2.83    1.71                  1.9           6.83                   5.72 
L4         551         3.70       4.88    50.3                66.3           5.31                   5.76 
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Figure 14.3  FACS result screen showing development of Mitotracker® high (blue population) 
and low interaction (red population at 0h and 6h of thermo-resistence test Energy 
consumption of sperm during incubation at 37°C leads to manifestation of two distinct 
populations with high and low Mitotracker® interaction (below) 
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9.5 Remaining result tables 

9.5.1 Seasonality result tables, by single subjects 

Table 13.1  Seasonality ejaculate parameters from M1 

Date 

M1 

Volume 
(ml) 

Sperm 
Concentration 

(106 /ml) 

Total 
Sperm 

Count (109) Motility pH 
05.10.2015 45 835 375.75 95 7.5 

12. Oct 26 760 197.6 95 7.5 
19. Oct 36 532 191.52 95 7.5 
26. Oct 42 689 289.38 99 7.4 
02. Nov 40 420 168 99 7.5 
09. Nov 41 206 84.46 95 7.4 
16. Nov 45 632 284.4 99 7.4 
23. Nov 55 375 206.25 95 7.4 
30. Nov 48 178 85.44 99 7.5 
07. Dec 22 244 53.68 95 7.4 
14. Dec 46 216 99.36 95 7.5 
05. Jan 65 290 188.5 99 7.4 
11. Jan 55 210 115.5 95 7.3 
18. Jan 55 155 85.25 99 7.5 
25. Jan 52 180 93.6 99 7.5 
01. Feb 50 136 68 95 7.4 
08. Feb 54 172 92.88 90 7.4 
15. Feb 56 356 199.36 95 7.5 
22. Feb 42 255 107.1 95 7.5 
29. Feb 48 421 202.08 99 7.6 
07. Mar 44 520 228.8 95 7.4 
14. Mar 44 504 221.76 95 7.4 
21. Mar 45 480 216 99 7.4 
28. Mar 51 833 424.83 99 7.4 
04. Apr 47 670 314.9 95 7.5 
11. Apr 46 1120 515.2 95 7.4 
18. Apr 52 1600 832 95 7.4 
25. Apr 30 2010 603 99 7.5 
02. May 62 1870 1159.4 95 7.5 
09. May 55 965 530.75 99 7.5 
16. May 57 1233 702.81 99 7.5 
23. May 43 823 353.89 95 7.5 
30. May 33 900 297 70 7.5 
06. Jun 34 1044 354.96 75 7.5 
13. Jun 50 870 435 95 7.5 
20. Jun 46 955 439.3 95 7.5 
08. Aug 42 621 260.82 95 7.5 
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15. Aug 28 1325 371 95 7.4 
22. Aug 36 1277 459.72 95 7.5 
29. Aug 45 1820 819 95 7.4 
05. Sep 40 1620 648 95 7.4 
12. Sep 39 1140 444.6 99 7.5 
19. Sep 40 830 332 95 7.4 
26. Sep 45 765 344.25 99 7.5 
03. Oct 45 878 395.1 99 7.5 
10. Oct 35 345 120.75 95 7.4 
17. Oct 37 432 159.84 95 7.4 
24. Oct 32 201 64.32 95 7.4 
31. Oct 35 226 79.1 99 7.5 
07. Nov 30 315 94.5 99 7.6 
14. Nov 32 624 199.68 99 7.4 
21. Nov 38 244 92.72 95 7.4 
28. Nov 35 188 65.8 90 7.4 
05. Dec 33 196 64.68 90 7.5 
12. Dec 35 174 60.9 95 7.6 
19. Dec 40 205 82 95 7.5 
09. Jan 35 277 96.95 99 7.5 
16. Jan 40 340 136 99 7.5 
23. Jan 45 322 144.9 95 7.4 
30. Jan 42 400 168 95 7.5 
06. Feb 40 290 116 95 7.4 
13. Feb 44 365 160.6 95 7.5 
20. Feb 45 333 149.85 95 7.4 
27. Feb 45 466 209.7 99 7.5 
06. Mar 39 525 204.75 95 7.4 
13. Mar 33 486 160.38 99 7.5 
20. Mar 40 599 239.6 99 7.4 
27. Mar 52 745 387.4 95 7.5 
03. Apr 33 622 205.26 95 7.5 
10. Apr 42 1780 747.6 95 7.5 
17. Apr 45 955 429.75 95 7.5 
24. Apr 48 873 419.04 95 7.5 
01. May 38 924 351.12 95 7.5 
08. May 56 1045 585.2 95 7.5 
15. May 44 1402 616.88 95 7.5 
22. May 42 1418 595.56 99 7.5 
29. May 37 1315 486.55 95 7.5 
05. Jun 46 866 398.36 99 7.4 
12. Jun 45 665 299.25 99 7.5 
19. Jun 50 1123 561.5 95 7.4 
26. Jun 58 1420 823.6 95 7.6 
03. Jul 52 1655 860.6 99 7.6 
10. Jul 46 1107 509.22 99 7.4 
17. Jul 50 1200 600 95 7.5 
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24. Jul 41 763 312.83 95 7.5 
31. Jul 45 824 370.8 95 7.5 

07. Aug 43 1060 455.8 95 7.5 
14. Aug 45 1265 569.25 95 7.5 
21. Aug 40 1433 573.2 95 7.5 
28. Aug 54 1275 688.5 95 7.5 
04. Sep 51 1633 832.83 95 7.6 
11. Sep 49 945 463.05 99 7.5 
18. Sep 52 1022 531.44 99 7.5 
25. Sep 59 912 538.08 95 7.5 
02. Oct 45 916 412.2 95 7.5 
09. Oct 35 845 295.75 99 7.5 
16. Oct 47 914 429.58 99 7.5 
23. Oct 33 754 248.82 99 7.5 
30. Oct 48 532 255.36 99 7.4 
06. Nov 44 512 225.28 95 7.4 
13. Nov 49 460 225.4 95 7.5 
20. Nov 37 325 120.25 95 7.5 
27. Nov 47 280 131.6 95 7.4 
04. Dec 45 307 138.15 95 7.5 
11. Dec 50 196 98 99 7.5 
18. Dec 42 205 86.1 95 7.5 

 

Table 13.2  Seasonality ejaculate parameters from M2 

Date M2 

Volume 
(ml) 

Sperm 
Concentration 

(106 /ml) 

Total 
Sperm 

Count (109) Motility pH 
05.10.2015 52 566 294.32 98 7.5 

12. Oct 90 604 543.6 94 7.4 
19. Oct 54 570 307.8 98 7.4 
26. Oct 59 526 310.34 98 7.4 
02. Nov 36 512 184.32 94 7.5 
09. Nov 65 345 224.25 89 7.4 
16. Nov 40 489 195.6 94 7.4 
23. Nov 30 255 76.5 94 7.4 
30. Nov 37 205 75.85 98 7.4 
07. Dec 35 310 108.5 94 7.4 
14. Dec 45 323 145.35 98 7.5 
05. Jan 75 150 112.5 98 7.4 
11. Jan 60 124 74.4 94 7.5 
18. Jan 18 167 30.06 94 7.5 
25. Jan 50 209 104.5 94 7.5 
01. Feb 65 186 120.9 98 7.4 
08. Feb 15 198 29.7 94 7.4 
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15. Feb 25 224 56 98 7.5 
22. Feb 25 289 72.25 98 7.5 
29. Feb 48 355 170.4 94 7.4 
07. Mar 36 386 138.96 94 7.4 
14. Mar 36 413 148.68 98 7.4 
21. Mar 30 522 156.6 98 7.4 
28. Mar 45 678 305.1 94 7.4 
04. Apr 45 702 315.9 94 7.5 
11. Apr 70 877 613.9 94 7.4 
18. Apr 90 868 781.2 98 7.4 
25. Apr 63 1020 642.6 98 7.5 
02. May 95 1565 1486.75 98 7.5 
09. May 55 1378 757.9 94 7.4 
16. May 65 1400 910 89 7.4 
23. May 58 766 444.28 89 7.4 
30. May 81 663 537.03 94 7.5 
06. Jun 90 702 631.8 89 7.5 
13. Jun 54 714 385.56 94 7.5 
20. Jun 60 565 339 94 7.5 
08. Aug 46 912 419.52 94 7.5 
15. Aug 45 1022 459.9 94 7.4 
22. Aug 86 966 830.76 94 7.5 
29. Aug 70 1456 1019.2 94 7.4 
05. Sep 45 1205 542.25 94 7.4 
12. Sep 85 989 840.65 89 7.4 
19. Sep 60 905 543 94 7.4 
26. Sep 52 915 475.8 98 7.4 
03. Oct 58 654 379.32 98 7.4 
10. Oct 32 455 145.6 94 7.4 
17. Oct 35 578 202.3 94 7.4 
24. Oct 20 502 100.4 94 7.4 
31. Oct 40 314 125.6 89 7.5 
07. Nov 32 374 119.68 94 7.4 
14. Nov 55 345 189.75 98 7.4 
21. Nov 25 306 76.5 98 7.4 
28. Nov 45 340 153 94 7.4 
05. Dec 48 289 138.72 94 7.5 
12. Dec 45 155 69.75 94 7.5 
19. Dec 30 228 68.4 94 7.5 
09. Jan 45 276 124.2 94 7.4 
16. Jan 35 312 109.2 98 7.4 
23. Jan 50 255 127.5 94 7.4 
30. Jan 41 215 88.15 94 7.4 
06. Feb 45 374 168.3 98 7.4 
13. Feb 54 422 227.88 98 7.4 
20. Feb 50 356 178 94 7.4 
27. Feb 33 327 107.91 94 7.5 
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06. Mar 46 399 183.54 94 7.4 
13. Mar 40 305 122 98 7.4 
20. Mar 40 345 138 94 7.4 
27. Mar 35 407 142.45 98 7.5 
03. Apr 55 525 288.75 98 7.4 
10. Apr 70 515 360.5 94 7.4 
17. Apr 65 636 413.4 89 7.4 
24. Apr 58 1240 719.2 94 7.4 
01. May 70 1144 800.8 94 7.5 
08. May 58 1700 986 98 7.5 
15. May 95 1522 1445.9 94 7.4 
22. May 92 1879 1728.68 94 7.4 
29. May 69 1900 1311 94 7.4 
05. Jun 55 1255 690.25 94 7.4 
12. Jun 40 1370 548 94 7.4 
19. Jun 60 899 539.4 98 7.4 
26. Jun 70 1190 833 89 7.4 
03. Jul 97 1456 1412.32 89 7.5 
10. Jul 73 1280 934.4 94 7.4 
17. Jul 65 945 614.25 98 7.4 
24. Jul 62 880 545.6 98 7.4 
31. Jul 57 767 437.19 94 7.5 

07. Aug 73 789 575.97 94 7.4 
14. Aug 81 1056 855.36 94 7.5 
21. Aug 70 1008 705.6 94 7.5 
28. Aug 71 989 702.19 94 7.5 
04. Sep 88 1236 1087.68 94 7.4 
11. Sep 60 1175 705 94 7.4 
18. Sep 60 890 534 94 7.5 
25. Sep 45 765 344.25 98 7.5 
02. Oct 55 675 371.25 94 7.5 
09. Oct 70 783 548.1 98 7.5 
16. Oct 60 600 360 89 7.5 
23. Oct 67 587 393.29 94 7.5 
30. Oct 32 525 168 94 7.4 
06. Nov 33 565 186.45 98 7.4 
13. Nov 30 612 183.6 98 7.5 
20. Nov 20 433 86.6 94 7.5 
27. Nov 48 395 189.6 94 7.4 
04. Dec 20 285 57 94 7.4 
11. Dec 28 205 57.4 94 7.4 
18. Dec 25 252 63 94 7.5 
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Table 13.3  Seasonality ejaculate parameters from M3 

Date M3 

Volume 
(ml) 

Sperm 
Concentration 

(106 /ml) 

Total 
Sperm 

Count (109) Motility pH 
07.03.2016 45 345 155.25 99 7.5 

14. Mar 47 205 96.35 95 7.5 
21. Mar 58 376 218.08 99 7.4 
28. Mar 24 420 100.8 99 7.4 
04. Apr 35 405 141.75 95 7.4 
11. Apr 67 522 349.74 90 7.4 
18. Apr 25 543 135.75 95 7.4 
25. Apr 35 487 170.45 95 7.5 
02. May 48 565 271.2 95 7.4 
09. May 46 515 236.9 99 7.4 
16. May 38 489 185.82 95 7.5 
23. May 49 522 255.78 99 7.5 
30. May 47 536 251.92 99 7.6 
06. Jun 49 666 326.34 95 7.6 
13. Jun 52 1689 878.28 95 7.6 
20. Jun 57 1452 827.64 99 7.6 
08. Aug 15 588 88.2 95 7.6 
15. Aug 76 320 243.2 90 7.6 
22. Aug 49 330 161.7 90 7.4 
29. Aug 75 996 747 95 7.5 
05. Sep 72 785 565.2 95 7.5 
12. Sep 60 922 553.2 95 7.4 
19. Sep 65 1045 679.25 99 7.4 
26. Sep 82 1068 875.76 99 7.4 
03. Oct 76 878 667.28 99 7.5 
10. Oct 75 563 422.25 95 7.6 
17. Oct 55 622 342.1 90 7.5 
24. Oct 48 340 163.2 95 7.5 
31. Oct 53 415 219.95 95 7.5 
07. Nov 39 388 151.32 99 7.5 
14. Nov 45 402 180.9 95 7.6 
21. Nov 40 345 138 95 7.6 
28. Nov 55 297 163.35 95 7.6 
05. Dec 61 135 82.35 95 7.5 
12. Dec 75 98 73.5 99 7.5 
19. Dec 64 120 76.8 99 7.5 
09. Jan 49 25 12.25 95 7.6 
16. Jan 47 0 0 95 7.5 
23. Jan 58 18 10.44 95 7.5 
30. Jan 41 0 0 95 7.5 
06. Feb 28 0 0 95 7.5 
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13. Feb 78 117 91.26 95 7.5 
20. Feb 56 55 30.8 95 7.6 
27. Feb 25 0 0 90 7.5 
06. Mar 38 86 32.68 95 7.6 
22. May 85 678 576.3 95 7.5 
29. May 47 955 448.85 95 7.5 
05. Jun 62 578 358.36 95 7.5 
12. Jun 64 590 377.6 95 7.5 
19. Jun 57 663 377.91 95 7.6 
26. Jun 51 1076 548.76 95 7.5 
03. Jul 50 1800 900 95 7.5 
10. Jul 97 2250 2182.5 95 7.5 
17. Jul 45 1678 755.1 99 7.5 
24. Jul 57 1905 1085.85 95 7.5 
31. Jul 52 860 447.2 99 7.5 

07. Aug 49 1233 604.17 90 7.5 
14. Aug 67 1177 788.59 95 7.4 
21. Aug 61 1452 885.72 95 7.4 
28. Aug 52 1420 738.4 99 7.5 
04. Sep 58 986 571.88 99 7.5 
11. Sep 43 901 387.43 95 7.4 
18. Sep 49 878 430.22 95 7.5 
25. Sep 70 720 504 95 7.5 
02. Oct 62 955 592.1 95 7.5 
09. Oct 59 845 498.55 95 7.6 
16. Oct 92 430 395.6 95 7.6 
23. Oct 98 524 513.52 99 7.6 
30. Oct 105 478 501.9 99 7.6 
06. Nov 62 517 320.54 95 7.5 
13. Nov 38 500 190 95 7.4 
20. Nov 40 233 93.2 99 7.4 
27. Nov 45 156 70.2 99 7.5 
04. Dec 56 134 75.04 99 7.5 
11. Dec 50 186 93 95 7.5 
18. Dec 40 160 64 95 7.5 

 

Table 13.4  Seasonality ejaculate parameters from M4 

Date M4 

Volume 
(ml) 

Sperm 
Concentration 

(106 /ml) 

Total 
Sperm 

Count (109) Motility pH 
05.10.2015 86 525 451.5 99 7.5 

12. Oct 65 660 429 99 7.5 
19. Oct 75 475 356.25 99 7.6 
26. Oct 60 344 206.4 99 7.6 
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02. Nov 64 335 214.4 99 7.5 
09. Nov 110 0 0   
16. Nov 32 0 0   
23. Nov 55 0 0   
30. Nov 50 0 0   
07. Dec 77 0 0   
14. Dec 45 0 0   
05. Jan 84 0 0   
11. Jan 116 0 0   
18. Jan 56 0 0   
25. Jan 76 0 0   
01. Feb 63 0 0   
08. Feb 65 0 0   
15. Feb 71 0 0   
22. Feb 90 0 0   
29. Feb 43 0 0   
07. Mar 95 0 0   
14. Mar 78 0 0   
21. Mar 75 0 0   
28. Mar 82 0 0   
04. Apr 122 0 0   
11. Apr 69 0 0   
18. Apr 65 0 0   
25. Apr 55 0 0   
02. May 70 0 0   
09. May 76 0 0   
16. May 44 237 104.28 95 7.5 
23. May 80 566 452.8 99 7.4 
30. May 56 540 302.4 99 7.6 
06. Jun 70 788 551.6 95 7.4 
13. Jun 75 660 495 90 7.4 
20. Jun 62 585 362.7 99 7.5 
08. Aug 50 1100 550 95 7.5 
15. Aug 55 1345 739.75 95 7.5 
22. Aug 90 1380 1242 95 7.4 
29. Aug 74 960 710.4 99 7.4 
05. Sep 84 540 453.6 95 7.4 
12. Sep 63 636 400.68 95 7.5 
19. Sep 35 612 214.2 99 7.6 
26. Sep 70 555 388.5 99 7.5 
03. Oct 66 625 412.5 95 7.5 
10. Oct 70 573 401.1 90 7.6 
17. Oct 65 620 403 90 7.6 
24. Oct 52 155 80.6 95 7.6 
31. Oct 64 0 0   
07. Nov 22 0 0   
14. Nov 53 0 0   
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21. Nov 75 0 0   
28. Nov 60 0 0   
05. Dec 66 0 0   
12. Dec 36 0 0   
19. Dec 45 0 0   
09. Jan 90 0 0   
16. Jan 33 0 0   
23. Jan 43 0 0   
30. Jan 45 0 0   
06. Feb 40 0 0   
13. Feb 52 0 0   
20. Feb 39 0 0   
27. Feb 15 0 0   
06. Mar 55 0 0   
13. Mar 55 0 0   
20. Mar 25 0 0   
27. Mar 37 0 0   
03. Apr 60 0 0   
10. Apr 35 0 0   
17. Apr 42 0 0   
24. Apr 28 0 0   
01. May 48 0 0   
08. May 64 0 0   
15. May 104 0 0   
22. May 94 0 0   
29. May 5 366 18.3 95 7.6 
05. Jun 87 284 247.08 95 7.6 
12. Jun 83 670 556.1 95 7.5 
19. Jun 52 533 277.16 95 7.5 
26. Jun 55 489 268.95 95 7.4 
03. Jul 62 520 322.4 99 7.4 
10. Jul 47 899 422.53 95 7.5 
17. Jul 115 1680 1932 99 7.5 
24. Jul 93 1000 930 90 7.4 
31. Jul 88 834 733.92 95 7.5 

07. Aug 98 574 562.52 95 7.5 
14. Aug 59 740 436.6 95 7.5 
21. Aug 73 922 673.06 99 7.6 
28. Aug 92 1056 971.52 90 7.6 
04. Sep 52 1208 628.16 90 7.6 
11. Sep 68 1430 972.4 95 7.6 
18. Sep 75 989 741.75 99 7.5 
25. Sep 58 924 535.92 95 7.4 
02. Oct 103 567 584.01 99 7.4 
09. Oct 95 483 458.85 99 7.6 
16. Oct 55 372 204.6 95 7.6 
23. Oct 99 128 126.72 95 7.6 
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30. Oct 85 0 0   
06. Nov 79 0 0   
13. Nov 38 0 0   
20. Nov 62 0 0   
27. Nov 65 0 0   
04. Dec 50 0 0   
11. Dec 70 0 0   
18. Dec 45 0 0   

 

9.5.2 Individual results by male, Motility parameters and plasma membrane 
integrity, Sorting procedures 

Table 14  Evaluation of Pre-Sorting preparations and Sorting 

Animal Experiment 
Week No. 

Phase Total 
Motility (% 

CASA) 

Progr. Motility      
(% CASA) 

Viability          
(% Sybr®14/PI) 

Mitoch. Capac.   
(% Mitotracker®) 

1 1 Transport 90 80 81.18 87.41 

1 1 Transport 94 82 83.68 89.8 

1 1 Staining 85 75 83.27 86.02 

1 1 Staining 85 75 82.82 88.93 

1 1 Post-Sort 85 70 63.25 78.02 

1 1 Post-Sort 85 75 68.38 80.37 

1 2 Transport 94 88 81.88 85.25 

1 2 Transport 95 88 83.25 88.93 

1 2 Staining 90 82 74.54 71.7 

1 2 Staining 85 82 73.15 73.5 

1 2 Post-Sort 73 66 59.03 70.29 

1 2 Post-Sort 71 65 59.38 72.18 

1 3 Transport 92 90 83.74 89.11 

1 3 Transport 91 90 80.56 86.96 

1 3 Staining 90 80 86.07 84.36 

1 3 Staining 90 80 85.16 86.98 

1 3 Post-Sort 84 76 70.54 85.5 
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1 3 Post-Sort 85 75 72.14 84.73 

1 4 Transport 98 95 87.33 86.09 

1 4 Transport 98 95 86.87 87.27 

1 4 Staining 80 75 81.77 85.86 

1 4 Staining 80 75 81.04 86.82 

1 4 Post-Sort 85 75 60.08 65.59 

1 4 Post-Sort 85 75 58.34 68.46 

1 5 Transport 95 90 88.21 88.51 

1 5 Transport 95 90 89.99 87.87 

1 5 Staining 85 80 87.26 88.91 

1 5 Staining 85 80 85.45 86.93 

1 5 Post-Sort 80 75 53.45 63.49 

1 5 Post-Sort 80 75 51.93 69 

1 6 Transport 90 85 87.23 92.03 

1 6 Transport 90 85 89.9 90.81 

1 6 Staining 85 75 84.58 86.14 

1 6 Staining 85 75 83.66 86.03 

1 6 Post-Sort 90 80 54.22 57.07 

1 6 Post-Sort 90 80 52.33 55.6 

2 1 Transport 95 85 86.5 89.97 

2 1 Transport 95 85 88.98 90.89 

2 1 Staining 90 75 86.12 86.87 

2 1 Staining 80 70 88.13 84.62 

2 1 Post-Sort 80 70 52.62 68.85 

2 1 Post-Sort 80 70 53.72 64.71 

2 2 Transport 95 90 89.94 91.6 

2 2 Transport 95 90 89.85 92.19 

2 2 Staining 95 90 85.12 90.82 
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2 2 Staining 95 90 86.01 88.68 

2 2 Post-Sort 90 80 62.58 79.02 

2 2 Post-Sort 90 80 62.12 78.35 

2 3 Transport 85 80 77.53 88.26 

2 3 Transport 85 80 82.81 86.8 

2 3 Staining 75 70 85.68 88.33 

2 3 Staining 75 70 85.67 87.64 

2 3 Post-Sort 80 75 62.18 74.45 

2 3 Post-Sort 80 75 61.12 73.42 

2 4 Transport 94 92 87.28 87.93 

2 4 Transport 94 92 85.53 86.26 

2 4 Staining 90 85 86.28 91.43 

2 4 Staining 90 85 85.8 90.93 

2 4 Post-Sort 80 75 64.22 72.1 

2 4 Post-Sort 80 75 63.62 73.17 

2 5 Transport 96 93 86.52 84.15 

2 5 Transport 95 92 88.73 83.91 

2 5 Staining 80 75 90.37 88.55 

2 5 Staining 80 75 91.82 89.47 

2 5 Post-Sort 75 70 52.47 74.98 

2 5 Post-Sort 75 70 52.63 73.04 

2 6 Transport 95 85 85.81 89.83 

2 6 Transport 95 85 87.52 88.96 

2 6 Staining 85 80 86 93.05 

2 6 Staining 85 80 86.26 91.46 

2 6 Post-Sort 75 70 60.74 76 

2 6 Post-Sort 75 70 60.58 75.16 

3 1 Transport 95 85 86.34 86.12 
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3 1 Transport 95 85 86.46 86.5 

3 1 Staining 85 75 82.96 82.66 

3 1 Staining 85 70 83.87 86.79 

3 1 Post-Sort 90 75 49.52 58.15 

3 1 Post-Sort 90 75 47.83 57.26 

3 2 Transport 95 90 88 87.96 

3 2 Transport 95 90 88.54 89.24 

3 2 Staining 95 90 79.17 90.36 

3 2 Staining 95 90 80.32 88.8 

3 2 Post-Sort 95 90 55.09 74.86 

3 2 Post-Sort 95 90 54.41 72.36 

3 3 Transport 80 70 79.12 87.41 

3 3 Transport 80 70 76.16 88.1 

3 3 Staining 90 80 79.61 88.09 

3 3 Staining 90 80 80.23 89.45 

3 3 Post-Sort 80 70 56.97 72.32 

3 3 Post-Sort 80 70 56.19 70.33 

3 4 Transport 95 92 82.94 83.74 

3 4 Transport 95 92 82.14 84.32 

3 4 Staining 90 85 81.51 89.73 

3 4 Staining 90 85 82.15 91.03 

3 4 Post-Sort 85 80 57.62 73.64 

3 4 Post-Sort 85 80 57.27 71.43 

3 5 Transport 93 90 84.45 84.06 

3 5 Transport 94 90 88.12 83.97 

3 5 Staining 90 80 89.32 91.32 

3 5 Staining 90 80 89.91 90.57 

3 5 Post-Sort 85 80 55.96 74.95 
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3 5 Post-Sort 85 80 54.61 75.95 

3 6 Transport 92 89 86.37 89.01 

3 6 Transport 95 90 85.21 87.59 

3 6 Staining 90 82 84.09 85.66 

3 6 Staining 89 84 83.55 85.73 

3 6 Post-Sort 82 80 60.17 76.33 

3 6 Post-Sort 86 80 58.92 74.89 
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9.5.3 Liquid storage evaluation, Motility parameters and FACS results, by single subjects 

Table 15  Liquid storage evaluation, motility and membrane status 

Subject Group Value Day 1 0h Day 1 3h Day 1 6h Day 2 0h Day 2 3h Day 2 6h Day 3 0h Day 3 3h Day 3 6h 
Male 1 
(n=12) 

Sort Total mot.         % 
Progr. mot.       % 

Viability               % 
Mitoch. cap.     % 

79.1 ± 6.7 

71.1 ± 5.4 

56.3 ± 5.3 

65.2 ± 7.7 

57.8 ± 6.6 

49.3 ± 5.9 

47.3 ± 2.8 

  51.3 ± 10.9 

53.8 ± 10.3 

44.2 ± 11.6 

  45.2 ± 3 

  49.3 ± 6.3 

  64.2 ± 10.8 

   55.0 ± 9.0 

  49.1 ± 10.5 

   61.2 ± 7.6 

45.4 ± 9.1 

  36.6 ± 12.6 

37.7 ± 4.4 

46.1 ± 6.9 

31.7 ± 14.5 

25.0 ± 13.8 

   35.8 ± 6.7 

41.3 ± 12.9 

62.9 ± 14.4 
51.2 ± 18.7 

    52.7 ± 3.0 

    58.2 ± 6.8 

42.5 ± 8.6 

  32.0 ± 10.1 

46.9 ± 3.5 

51.7 ± 8.1 

43.0 ± 6.3 

36.5 ± 7.8 

43.9 ± 5.2 

47.3 ± 7.3 

Control Total mot.         % 
Progr. mot.       % 

Viability               % 
Mitoch. cap.     % 

88.7 ± 5.3 

 77.3 ± 5 

85.8 ± 6.4 

86.1 ± 7.3 

79.3 ± 9.4 

  70.6 ± 10.3 

83.5 ± 6.9 

   85.6 ± 5 

  69.7 ± 9.8 

   59.7 ± 7 

81.5 ± 4.8 

82.6 ± 3.6 

75.2 ± 6.5 

66.1 ± 7.8 

86.2 ± 3.3 

86.8 ± 3.5 

  65.4 ± 16.1 

  56.4 ± 18.9 

82.8 ± 4.9 

84.6 ± 1.4 

54.6 ± 17.4 

42.7 ± 21.6 

   79.3 ± 7.5 

   80.6 ± 4.6 

64.6 ± 9.8 
  55.8 ± 14.3 

80.5 ± 8.1 

80.7 ± 4.1 

59.0 ± 7.0 

  48.0 ± 10.3 

76.0 ± 8.6 

76.7 ± 5.3 

68.0 ± 9.8 

  58.5 ± 15.6 

74.6 ± 8.8 

74.3 ± 5.5 

Male 2 
(n=12) 

Sort Total mot.         % 
Progr. mot.       % 

Viability               % 
Mitoch. cap.     % 

75.4 ± 3.3 

70.0 ± 3.0 

61.7 ± 6.5 

73.9 ± 5.9 

60.8 ± 6.7 

  49.6 ± 12.3 

56.1 ± 3.5 

67.6 ± 3.7 

55.0 ± 7.4 

  43.7 ± 12.4 

55.2 ± 4.1 

60.1 ± 9.1 

  72.1 ± 11.6 

  63.7 ± 11.9 

   61.5 ± 3.7 

   73.1 ± 2.3 

 43.7 ± 15.1 

 34.5 ± 15.5 

50.7 ± 3.3 

59.6 ± 6.8 

43.7 ± 13.8 

35.0 ± 14.8 

   51.3 ± 3.4 

53.6 ± 10.2 

72.1 ± 9.4 
64.2 ± 9.2 
60.7 ± 5.1 

64.3 ± 7.7 

  42.9 ± 11.6 

34.2 ± 9.9 

53.4 ± 2.8 

61.6 ± 3.3 

36.3 ± 9.8 

26.3 ± 7.4 

51.5 ± 3.0 

58.5 ± 5.2 
Control Total mot.         % 

Progr. mot.       % 
Viability               % 
Mitoch. cap.     % 

85.4 ± 5.0 

77.5 ± 5.8 

86.0 ± 7.8 

87.3 ± 5.5 

77.9 ± 8.9 

70.4 ± 8.9 

  79.8 ± 10.9 

  81.5 ± 11.2 

76.2 ± 8.8 

67.5 ± 7.5 

  77.6 ± 11.3 

  71.8 ± 12.1 

82.1 ± 7.2 

70.4 ± 8.9 

  80.8 ± 10.3 

81.7 ± 8.4 

  73.3 ± 10.5 

60.0 ± 5.6 

  73.3 ± 13.9 

  72.9 ± 19.7 

   73.7 ± 9.3 

   61.6 ± 7.2 

73.7 ± 13.6 

70.4 ± 19.1 

  70.4 ± 12.5 
  61.3 ± 11.3 
  69.6 ± 10.7 

  71.7 ± 13.0 

 66.7 ± 10.1 

 57.5 ± 12.0 

 66.0 ± 12.9 

 63.1 ± 19.1 

  60.0 ± 14.0 

  53.3 ± 15.1 

  63.9 ± 12.1 

  60.2 ± 17.9 
Male 3 
(n=12) 

Sort Total mot.         % 
Progr. mot.       % 

Viability               % 
Mitoch. cap.     % 

78.5 ± 4.1 
71.5 ± 6.3 
59.4 ± 8.9 

73.4 ± 4.6 

59.5 ± 8.0 

  51.0 ± 11.0 

51.5 ± 5.2 

59.7 ± 5.3 

 60.0 ± 10.3 

 50.0 ± 10.0 

   49.8 ± 7.3 

52.1 ± 5.8 

72.5 ± 7.2 

63.5 ± 6.7 

60.7 ± 5.8 

69.0 ± 6.2 

  54.0 ± 11.5 

45.5 ± 9.3 

48.6 ± 2.6 

55.3 ± 3.7 

   53.3 ± 9.5 

43.7 ± 14.2 

   49.3 ± 4.0 

   48.9 ± 7.6 

62.5 ± 6.3 

55.5 ± 5.5 

55.7 ± 4.4 

55.1 ± 4.1 

50.5 ± 6.4 

41.9 ± 9.1 

47.5 ± 3.5 

  49.9 ± 11.2 

43.1 ± 8.9 

33.5 ± 9.4 

46.5 ± 2.9 
44.4 ± 8.8 

Control Total mot.         % 
Progr. mot.       % 

Viability               % 
Mitoch. cap.     % 

81.0 ± 10.7 
75.5 ± 10.9 
83.6 ± 8.8 

87.7 ± 4.8 

69.5 ± 6.8 

59.5 ± 7.6 

  76.3 ± 12.4 

  75.8 ± 13.7 

74.5 ± 10.6 

  67.5 ± 9.5 

74.2 ± 13.4 

70.4 ± 14.7 

86.0 ± 2.1 

78.0 ± 2.6 

  75.9 ± 12.6 

  77.2 ± 14.6 

79.0 ± 8.4 

70.5 ± 6.8 

  69.5 ± 14.6 

  72.4 ± 16.4 

   72.0 ± 9.8 

   65.1 ± 9.7 

68.9 ± 13.4 

68.2 ± 21.4 

74.4 ± 7.7 

67.3 ± 6.3 

  61.8 ± 10.7 

  61.8 ± 15.2 

67.2 ± 7.9 

60.0 ± 7.4 

  54.9 ± 11.7 

  52.7 ± 16.4 

64.2 ± 7.7 

56.2 ± 8.4 

  53.6 ± 11.3 

  45.9 ± 15.4 
Values are the mean ± SD 
One ejaculate per week of all males was collected over six weeks for sorting experiments.  
Each ejaculate was divided in two equal parts and tested simultaneously.  
Motility scores and plasma membrane characteristics determined by CASA and flow cytometry (FACS), respectively. 
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9.5.4 Liquid storage evaluation, Morphological parameters, by single subjects 

Table 16  Liquid storage evaluation, morphology 

Subject Group Value Day 1 0h Day 1 3h Day 1 6h Day 2 0h Day 2 3h Day 2 6h Day 3 0h Day 3 3h Day 3 6h 
Male 1 
(n=12) 

Sort Morphol. normal  % 
Head abnorm.        % 
Other                       % 

84.3 ± 2.7 

   2.8 ± 1.2 
11.5 ± 2.1 

84.2 ± 3.0 

  3.8 ± 1.7 
   13 ± 2.7 

81.5 ± 2.2 

   4.7 ± 1.2 

16.2 ± 0.9 

81.5 ± 4.1 

   4.7 ± 1.0 

14.3 ± 2.3 

77.5 ± 4.2 

   4.5 ± 1.0 

17.7 ± 2.1 

75.3 ± 2.3 

   5.5 ± 1.4 

19.7 ± 1.5 

78.6 ± 1.6 

   5.2 ± 1.1 

 15.2 ± 3.5 

75.6 ± 1.5 

   5.2 ± 1.8 

 17.2 ± 2.6 

72.8 ± 1.9 

  5.2 ± 1.1 

21 ± 3 

Control Morphol. normal  % 
Head abnorm.        % 
Other                       % 

94.6 ± 1.2 
  2.3 ± 1.2 
  3.8 ± 1.6 

90.5 ± 1.9 

   3.6 ± 1.6 
   6.8 ± 1.9 

 

88.2 ± 1.9 

  4.3 ± 1.0 

  9.3 ± 1.9 
 

91.8 ± 2.1 

  3.1 ± 1.1 

  5.6 ± 1.5 

90.2 ± 2.8 

  3.7 ± 2.1 

  7.8 ± 1.5 

87.3 ± 1.7 

   3.6 ± 1.5 

 11.3 ± 2.1 

88.5 ± 2.2 

   3.7 ± 1.0 

   7.2 ± 1.1 

85.4 ± 1.1 

   3.6 ± 0.9 

   9.3 ± 1.5 

81.6 ± 2.1 

  4.8 ± 2.4 

11 ± 2 

Male 2 
(n=12) 

Sort Morphol. normal  % 
Head abnorm.        % 
Other                       % 

85.3 ± 1.7 

  3.2 ± 0.7 

11.8 ± 2.6 

83.3 ± 2.5 

   3.7 ± 0.8 

 13.1 ± 2.7 

 

80.2 ± 1.6 

   3.7 ± 1.2 

 13.8 ± 2.1 

81.2 ± 2.1 

   4.5 ± 1.4 

13.8 ± 3.5 

77.8 ± 2.7 

  4.5 ± 1.4 

17.3 ± 2.6 

74.3 ± 1.6 

   6.0 ± 1.7 

19.2 ± 2.5 

80.8 ± 3.1 

   4.0 ± 0.9 

16.1 ± 1.1 

79.1 ± 2.8 

   3.7 ± 0.5 
 19.2 ± 2.5 

73.3 ± 3.1 

  5.6 ± 0.8 

   22 ± 2.3 

Control Morphol. normal  % 
Head abnorm.        % 
Other                       % 

93.7 ± 2.2 

   2.5 ± 1.8 

   3.0 ± 1.2 

90.2 ± 1.5 

  3.0 ± 1.5 

  5.8 ± 1.8 
 

87.3 ± 1.3 

   3.3 ± 1.5 

   7.5 ± 1.6 

91.1 ± 2.1 

  3.1 ± 1.2 

  5.0 ± 1.4 

89.0 ± 1.4 

  3.1 ± 1.1 

  6.2 ± 1.1 

84.7 ± 1.5 

   4.0 ± 0.9 

   9.1 ± 2.3 

88.8 ± 2.1 

   4.0 ± 1.3 
   7.8 ± 2.1 

 

87.2 ± 1.5 

   3.5 ± 2.1 
   11  ± 1.6 

 

84.8 ± 1.9 

  4.2 ± 1.7 

13.6 ± 2.3 

Male 3 
(n=12) 

Sort Morphol. normal  % 
Head abnorm.        % 
Other                       % 

90.6 ± 2.1 

  1.6 ± 0.5 
  7.8 ± 1.6 

88.4 ± 1.1 

   1.8 ± 0.4 

   9.8 ± 1.3 

84.4 ± 1.3 

   2.0 ± 0.4 
13.6 ± 1.3 

86.8 ± 1.9 

   2.8 ± 0.4 

10.4 ± 2.1 

84.0 ± 2.0 

  3.2 ± 1.0 

13.2 ± 1.8 

 

83.0 ± 1.9 

   3.6 ± 0.5 

 13.4 ± 2.1 

 

87.8 ± 2.8 

   1.6 ± 0.9 

 10.8 ± 3.1 

83.2 ± 1.8 

   2.6 ± 1.7 

 14.2 ± 3.3 

81.0 ± 1.1 

  2.4 ± 1.1 
16.6 ± 1.3 

Control Morphol. normal  % 
Head abnorm.        % 
Other                       % 

96.8 ± 1.3 

  1.4 ± 1.1 
  1.8 ± 1.3 

95.0 ± 1.2 

  1.0 ± 0.7 

  4.0 ± 1.2 

92.2 ± 1.8 

   1.6 ± 0.9 
   6.2 ± 2.3 

 

94.0 ± 2.1 

   1.6 ± 1.1 

   4.4 ± 1.5 

 

90.6 ± 1.5 

  2.2 ± 0.4 

  7.2 ± 1.3 

 

87.8 ± 2.3 

   2.4 ± 1.6 

   9.8 ± 3.1 

 

94.0 ± 2.0 

   1.8 ± 1.1 
   4.2 ± 1.3 

89.4 ± 3.0 

   2.2 ± 0.4 

   8.4 ± 3.1 

 

87.4 ± 1.1 

  2.2 ± 1.1 
10.4 ± 0.5 

 
Values are the mean ± SD 
One ejaculate per week of all males was collected over six weeks for sorting experiments.  
Each ejaculate was divided in two equal parts and tested simultaneously.  
Morphological abnormalities registered by microscopical examination of 200 sperm per sample. 
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