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Abstract 

Sperm cryopreservation is a complex process that can be applied to avian reproduction in 

wild and domestic species, as well as to create a germplasm bank, helping to preserve 

biodiversity. However, there is a need to adapt the cryopreservation protocol to different 

species, in order to ensure its efficiency. Studies with the Peregrine Falcon can be a good 

model for other raptors, since this species is easier to access than most undomesticated 

ones.  

Four steps of the cryopreservation process were tested to find the best protocol for falcon’s 

ejaculates: freezing method (nitrogen vapours vs. vitrification), thawing conditions (37 ºC 

for 30 seconds vs. 5ºC for 1 minute), type of cryoprotectant (DMA vs. DMSO) and 

concentration of DMSO (4 vs. 8%). Motility, viability, DNA fragmentation, acrosome 

integrity and mitochondrial activity were measured to evaluate the success of the 

techniques.  

Concerning the freezing method, the nitrogen vapours method obtained overall better 

results (p<0.05) than vitrification: subjective motility - 22.5 ± 4.4 % vs. 0.0 ± 4.1 %; alive 

spermatozoa with intact acrosome – 84.6 ± 4.3 % vs. 77.4 ± 4.3 %; alive spermatozoa with 

damaged acrosome – 4.5 ± 4.2 % vs. 11.0 ± 4.2 % and high membrane potential – 41.0 ± 

6.7 % vs.12.8 ± 6.7 %. Comparison of cryoprotectants showed higher motility using DMSO 

(13.9 ± 1.8 %) when compared to DMA (4.2 ± 1.9 %; p<0.05). Finally, concentrations of 

4 and 8% of DMSO and thawing conditions presented no significant differences (p>0.05) 

between the different parameters. 

These results represent an important progress in the study of falcon semen 

cryopreservation, giving a good indication of the crucial steps of the process and the most 

adequate conditions. 
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Resumo 

A criopreservação espermática é um processo complexo que pode ser aplicado na 

reprodução aviária de espécies silvestres e domésticas, bem como na criação de um banco 

de Germoplasma, essencial na preservação da biodiversidade. No entanto, existe a 

necessidade de adaptá-lo a diferentes espécies, assegurando a sua eficiência. Estudos com 

o falcão peregrino podem representar um bom modelo para outras rapinas, já que esta 

espécie é mais facilmente acessível que a maioria das aves selvagens.  

Quatro etapas do processo de criopreservação foram testadas para encontrar o melhor 

protocolo adaptado a ejaculados de falcão: método de congelamento (vapores de nitrogênio 

vs. vitrificação), condições de descongelamento (37ºC por 30 segundos vs. 5ºC por 1 

minuto), tipo de crioprotetor (DMA vs. DMSO) e concentração de DMSO (4 vs. 8%). 

Motilidade, viabilidade, fragmentação do DNA, integridade do acrossoma e atividade 

mitocondrial foram medidas para avaliar o sucesso das técnicas. 

Em relação ao método de congelamento, vapores de nitrogênio obteve, em geral, melhores 

resultados (p <0,05) do que a vitrificação: motilidade subjetiva - 22,5 ± 4,4% vs. 0,0 ± 

4,1%; espermatozoides vivos com acrossoma intacto - 84,6 ± 4,3% vs. 77,4 ± 4,3%; 

espermatozoides vivos com acrossoma danificado - 4,5 ± 4,2% vs. 11,0 ± 4,2% e alto 

potencial de membrana - 41,0 ± 6,7% vs. 12,8 ± 6,7%. A comparação dos crioprotetores 

demonstrou maior motilidade com o uso do DMSO (13,9 ± 1,8%) quando comparado com 

DMA (4,2 ± 1,9%; p <0,05). Finalmente, concentrações de 4 e 8% de DMSO e diferentes 

condições de descongelação não apresentaram diferenças significativas (p> 0,05) entre os 

diferentes parâmetros. 

Estes resultados são um avanço no estudo do melhor protocolo para a criopreservação de 

sémen de falcão, dando boa indicação dos passos cruciais do processo e das condições mais 

adequadas nalguns desses pontos.  
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1. Introduction 

The conflicts between human activity and nature are one of the major discussions of this century, 

with no resolution in view (Prieto et al. 2014). By 2018, the number of species threatened with 

extinction rose above 26 000, of which 14% correspond to avian species (IUCN 2018). Large 

amounts of resources and scientific research are being applied in understanding the ramifications 

of the problem and in attempting to offer viable solutions (Blanco et al. 2009).  

Therefore, nature conservation has become increasingly important in the last decades and a field 

that combines a very diverse knowledge from multiple other areas of expertise (Mateo et al. 2016). 

Veterinarians are giving major contributions to the conservation of habitats and species and in the 

balance between human interests and nature (Aguirre et al. 2002). When conservation started to 

evolve, it was based on observations and studies of the dynamics of earth’s ecosystems, but 

recently a more interventive view is being adopted. The very concept of the meaning of 

conservation is also being broadened to include not only wild, untouched populations but also 

individuals in zoos and wildlife parks, rescue centres and even individuals destined for human 

consumption or activities such as hunting or fishing (Mateo et al. 2016). In an industrialised 

Europe, where wild habitats are rare and fragmented, conservation of nature and endemic species 

is imperative (Van Weiren 1995).  

In that context, research facilities such as the Instituto de Investigación en Recursos Cinegéticos 

(IREC, http://www.irec.es/) are vital to study all the aspects regarding animal species living in our 

territories, the consequences of the contact between them and human activities and to propose 

better solutions on how to manage biodiversity. IREC was created with the objective of helping to 

maintain the equilibrium between game and wild species conservation by applying a scientific 

multidisciplinary approach and spreading scientific knowledge. IREC has two major units, the first 

is Ecology and Animal Science and the second Health and Biotechnology (SaBio), located in two 

cities of the Castilla-La Mancha region of Spain: Albacete and Ciudad Real. The current project 

was possible thanks to the cooperation of IREC with the laboratory of Spermatology and 

Cryopreservation of Wild Species  of the Animal Reproduction Department of Instituto Nacional 

de Investigación y Tecnología Agraria y Alimentaria (INIA, http://www.inia.es/). This latter 

research group is specialized in techniques of handling, evaluation and cryopreservation of semen 

from wild animals and native species of domestic animals. 

 

http://www.irec.es/
http://www.inia.es/IniaPortal/verPresentacion.action


2 
 

With rapid changes currently occurring in climate and habitats, thousands of species of wild 

animals are in danger of disappearing (IUCN 2018). A global effort is being conducted by 

zoological parks to create a solution for eventual emergencies that lead to a rapid extinction of one 

species. With that in mind, captive breeding and exchange of individuals between zoos are 

common practices around the world. However, space is limited, and it is impossible to maintain 

significant numbers of each specie existent. A viable solution presented is the creation of a 

germplasm bank, containing sperm, oocytes or even embryos of the larger number of species 

conceivable (Pukazhenthi & Wildt 2003, Prieto et al. 2014).  

Since storage of eggs or embryos in birds poses a difficult challenge, for their large size and 

complexity, sperm cells are a good alternative (Rakha et al. 2018). Sperm is fairly easy to acquire 

and the process relatively inexpensive (Santiago-Moreno et al. 2011, 2016). Frozen semen can be 

a very important part of ex-situ conservation efforts, because it makes possible to store genetic 

material from multiple species for a long period of time. It can then be used in reintroduction 

projects or to enlarge the genetic pool of a fragmented population. It also allows the selection of 

individuals of genetic interest and the exchange of samples between distant locations (Brock et al. 

1984, Villaverde-Morcillo et al. 2017). In birds, if successful, frozen semen could become an 

increasingly relevant tool because captive breeding programmes are often slowed down by 

incompatibility between individuals or stress, leading to an absence of mating (Bailey & Lierz 

2017).  

The objective of this study was to evaluate the effect of different conditions during the 

cryopreservation process on falcon sperm characteristics. Various steps were tested, including the 

freezing-thawing protocol and the type and concentration of cryoprotectant utilized. The ultimate 

goal was to contribute to the creation of an optimised sperm cryopreservation protocol for falcons, 

and, to increase success in artificial inseminations with frozen semen. 

2. Literature Review 

The Peregrine Falcon 

The Peregrine Falcon (Falco peregrinus) is a member of the Falconidae family, with a global 

distribution and an extremely adaptable behaviour, allowing it to inhabit both urban and wild 

environments (The IUCN Red List of Threatened Species 2016). It is considered the fastest avian 

species, reaching over 300 km/h during its hunts. The individuals that populate the Arctic are well 

known for their large migrations during summer months. Their diet is composed mostly by small 
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or medium sized birds. As a top predator they are very important to signal disequilibrium in the 

ecosystem (White et al. 2002).  

Young birds become sexually active at around three years of age and as a monogamous species, 

they mate for life. Each pair returns every year to the same nesting site, typically located in cliff 

edges with difficult access. The reproductive season varies with latitude and climate, and in Europe 

happens from march to early may. The egg takes around a month to incubate and the average is 

three to four chicks per laying (White et al. 2002).  

Falconry exists for thousands of years, being a very important part of the Arabic culture, as well 

as in Europe and more recently North America. Falcons are used mostly to hunt doves, pigeons 

and ducks and falconry is recognized as a sport with many admirers throughout the world. In 2016, 

UNESCO included falconry in the Representative List of the Intangible Cultural Heritage of 

Humanity in several countries, including Portugal and Spain. The justification is that nowadays 

falconry is more than just a method of hunting or a sport, it is a tradition with strong ethical values, 

that encompasses conservation of nature, cultural heritage and social insertion by creating a 

community of people sharing the same interests. The bond between the human and the bird is 

extremely close and takes time to develop (UNESCO 2016).  

At present time, the Peregrine Falcon is considered to be of “Least Concern” with a stable 

population (The IUCN Red List of Threatened Species 2016). However, there were periods when 

some populations where threatened. For example, in the USA this species was in grave danger in 

the decade of 1970, mainly due to DDT toxicity. Since then and due to the active response from 

non-profit organizations, the population rose and is now considered stable. The project consisted 

in the release of high numbers of individuals across the entire country, during roughly 20 years. 

These animals were bred in captivity and trained to survive in the natural environment. This is 

now one of the biggest success stories of reintroduction and a role model to be replicated (Blanco 

et al. 2009). In the last decades, more captive breeding programmes have been created, which 

makes this bird of prey one of the most commonly reproduced ones. This is only possible by 

applying techniques like the artificial insemination and assisting the incubation of eggs (Bailey & 

Lierz 2017). 

For its popularity and large captive population, the peregrine falcon can be used as a model for 

other birds of prey, especially ones that have spermatozoa with similar characteristics. By studying 

cryopreservation in falcons, viable solutions can be applied not only to the growing market of 
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falconry, but likewise to a variety of birds of prey, possibly wild endangered ones (Al-Daraji & 

Al-Shemmary 2016, Bailey & Lierz 2017). 

Avian reproductive anatomy 

The study of the reproductive anatomy in birds of prey seems fairly limited (Al-Daraji & Al-

Shemmary 2016). More extensive work has been done in domestic species like chicken or turkey.  

Birds have the cloaca as the end point of both the urogenital and digestive systems, divided into 

three distinct parts: the coprodeum, the urodeum and the proctodeum. The urodeum receives the 

ducts from the urogenital tract (Scott 2016).  

In avian species, usually the female reproductive tract is developed in the left side and vestigial on 

the right one (Gee et al. 2004). However, in raptor species similar function in both sides has been 

described (Bildstein & Bird 2007). The reproductive tract is divided, as in other birds, in the 

infundibulum, the magnum, the isthmus, the shell gland and the vagina, with the first one being 

the site of fertilization. Although reports in the peregrine falcon are scarce, in several other bird 

species sperm storage tubules were described located in the uterovaginal juncture. Their role is the 

storage of sperm after mating, releasing it over time, to fertilize multiple eggs (Gee et al. 2004, 

Bildstein & Bird 2007).  

In the male the most marked difference, when compared to mammals, is the fact that the testes are 

located inside the abdominal cavity. Because of that spermatogenesis occurs at 41 ºC, which is the 

internal temperature of birds. In the male, both testes are functional, but there is usually a 

difference in size between the two sides (Etches 1998). The two testes are composed by interstitial 

tissue and seminiferous tubules and surrounded with a capsule similar to mammals. Then there is 

the epididymis and ductus deferens that end in the genital papillae in the cloaca, also containing 

the copulatory appendages (Gee et al. 2004, Bildstein & Bird 2007).  

Spermatogenesis and Sperm Characteristics 

The process of spermatogenesis starts in the wall of the seminiferous tubules, from germ cells 

supported by Sertoli cells. The latter are responsible for maintaining the developing cells providing 

nutrients, mechanical support and secreting regulatory hormones. The first stage is called 

spermatocytogenesis, where germ cells go through several stages of mitosis to originate larger 

numbers of spermatogonia. The final cell formed in this stage is named primary spermatocyte. The 

next phase consists in two meiotic divisions that form secondary spermatocytes and finally 

spermatids. Until this step the cells are divided but don’t suffer the drastic differentiation necessary 
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to create mature spermatozoa. That happens during  the spermiogenesis, where a tail appears and 

the cell loses most of its cytoplasm to form an elongated head (Jones & Lin 1993, Deviche et al. 

2011).  

To continue their progress, spermatozoa are released into the lumen of the seminiferous tubules 

and travel to the epididymis, ductus deferens and then are transferred to the female’s reproductive 

system (Etches 1998). In the vagina, a complex selection only permits the passage of the sperm 

cells with higher quality and less abnormalities. This chosen cells then penetrate the sperm storage 

tubules, before being released to fertilize the egg (Blesbois & Brillard 2007).   

To work with sperm and create protocols for cryopreservation, first it is vital to know the 

characteristics of the cells. Without that knowledge it is impossible to make the correct 

assessments regarding the different quality parameters and to determine the necessary adjustments 

to the protocol (Santiago-Moreno et al. 2016). The size and shape of spermatozoa can be used as 

an indicative of external changes. Spermatozoa are very sensitive to environmental alterations and, 

for that reason allows the identification of stressors, like climate changes, presence of pollutants 

or toxic materials. The morphology of spermatozoa can affect greatly the cryopreservation process 

and the interaction with foreign substances such as cryoprotectants (Villaverde-Morcillo et al. 

2017).  

Avian spermatozoa are quite different from mammals, as they are more elongated and with longer 

tails (Villaverde-Morcillo et al. 2017). Additionally, the volume and concentration are 

significantly lower, making it more difficult to manipulate (Al-Daraji & Al-Shemmary 2016). 

A recent morphological analysis in falcons reported high prevalence of immature cells. Even 

though their role isn’t fully understood, the monogamous behaviour of the peregrine falcon can 

explain its occurrence, since the low amount of sperm competition may lead to worse quality 

ejaculates (Santiago-Moreno et al. 2016, Villaverde-Morcillo et al. 2017). Sperm competition is a 

concept introduced by studies analysing semen from polygamous species such as chickens or 

turkeys. Because females mate with several males only the spermatozoa with the best 

characteristics have a chance of fertilizing the egg. And so, the ejaculates from these animals are 

usually associated with higher motility and lower number of abnormalities (Santiago-Moreno et 

al. 2016). Falcon spermatozoa have been described as having small but wide heads, when 

compared to chicken that have significantly bigger and longer cells (Santiago-Moreno et al. 2016, 

Villaverde-Morcillo et al. 2017). 
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The average concentration and volume of falcon ejaculates described in literature comes with great 

variability.  Bailey & Lierz (2017) presents average values of 72.4 ± 40.6 µL for semen volume in 

large falcons and 73.5 ± 40.5 spz/mL for sperm concentration. Villaverde-Morcillo et al. (2017) 

had results of 15.4 ± 7.5 µL of ejaculate volume for European Peregrine Falcon. 

Semen collection methods 

There are three principal methods of choice available to collect sperm from male birds: massage 

stimulation, electroejaculation and cooperative copulation. To choose the most appropriate for a 

specific situation it is advised to measure the advantages and disadvantages of each technique, to 

take the species of bird into consideration, as well as the available resources, such as time and 

expertise (Gee et al. 2004, Paranzini et al. 2018). The massage method is the most commonly used 

and can be applied in both domestic and non-domestic species. The animal is restrained by its legs 

and, in the case of birds of prey, it is important to hold the head and wear protective gloves, in 

order to avoid bites from their powerful beaks. The area of the abdomen is stroked until an erection 

is achieved. To transfer the semen to a container, after ejaculation, the handler must hold the lip 

of the cloaca and squeeze it carefully not to lose any amount of sample. Various containers can be 

used such as the capillary tube, falcon tube or simply a cup (Gee et al. 2004, Prieto et al. 2014) 

There are a few drawbacks associated with the massage collection. Even though it allows 

collection from non-imprinted birds, the process is associated with high levels of stress, especially 

for wild individuals with little or no contact with humans (Gee et al. 2004, Prieto et al. 2014, 

Frediani et al. 2019). The stress involved affects the animal as well as the sample, since usually 

the samples obtained with massage have low quality and are frequently contaminated with urine 

and faeces (Madeddu et al. 2009, Prieto et al. 2014, Frediani et al. 2019).  

Electroejaculation is widely used in mammals and can be applied to avian species, in situations 

where the animal is very difficult to handle (Gee et al. 2004). It has been used in geese, ducks, 

pigeons and psittacines (Umapathy et al. 2005, Frediani et al. 2019). The bird is sedated, and an 

electric probe is used to stimulate ejaculation. Urine contamination is also common and usually 

the volume obtained is lower, which are disadvantages of this method. In addition, there is always 

the risks of using anaesthesia (Gee et al. 2004, Prieto et al. 2014).  

Another technique is the voluntary/cooperative ejaculation/copulation. This is only possible after 

long periods of training and close contact with humans to make the bird associate the person and 

an instrument, like a glove or a hat, with sexual stimuli. If successful, this method is the fastest 

way to collect semen as well as the one with the least amount of contamination and stress 
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associated. However, it is only possible with long periods of training and therefore not conceivable 

with every species and situation. For instance, over a period of two years of training has been 

reported to collect semen in an imprinted golden eagle (Villaverde-Morcillo et al. 2015). A big 

advantage of falcons is the possibility to raise imprinted individuals that are able to voluntary 

ejaculate in the presence of humans. Thus, the samples are acquired with less stress and better 

quality. 

Diverse modifications to these techniques can be done by adding the artificial vagina or a false 

female (Prieto et al. 2014). 

Semen cryopreservation  

Cryopreservation of semen is a technique largely used in mammals but, in birds there are still some 

limitations (Blanco et al. 2011, Villaverde-Morcillo et al. 2015).  Bird spermatozoa are filiform 

shaped which translates in more susceptibility to manipulation (Madeddu et al. 2009).  

There are many factors involved in the freezing process: the type and of cryoprotectant, time of 

equilibration, semen quality, method of freezing and the rate of cooling, thawing temperature and 

time, amongst others (Gee et al. 2004).  

The different methods of cryopreserving semen can be divided into two categories: fast and slow 

freezing (Gee et al. 2004). The most widely used method is the slow freezing, where in theory 

water should have time to exit the cell, by being drawn to the hyperosmotic medium used. This 

prevents the formation of ice crystals that would impede the correct functioning of spermatozoa 

(Prieto et al. 2014). Vitrification is the most recent technique and consists in a very fast decrease 

of temperature that attempts to avoid the formation of ice crystals. However, higher concentrations 

of cryoprotectants are necessary, increasing their negative effect on the fertilization capacity of 

spermatozoa (Santiago-Moreno et al. 2011). The most rudimentary way of fast freezing is the 

creation of pellets, having success in many species, including the domestic chicken (Gee et al. 

2004, Santiago-Moreno et al. 2011). But, because pellets are more difficult to store and hamper 

good traceability, straws are now being viewed as a preferred recipient and consequently pellets 

are becoming less used (Gee et al. 2004, Santiago-Moreno et al. 2011).  

Many cryoprotectants were developed and can be separated into two groups: permeating and non-

permeating. Permeating ones are the most common, including glycerol, Dimethylacetamide 

(DMA) or Dimethyl sulfoxide (DMSO). Historically, glycerol is the most used cryoprotectant 

because it was proven to be effective in many mammal species (Salamon & Maxwell 1995, Blanco 
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et al. 2011, Prieto et al. 2014). Glycerol is considered to be the cryoprotectant that results in higher 

fertility rates in poultry (Abouelezz et al. 2015). However, it has a contraceptive effect in certain 

animals. For this reason, it must be removed before being used for insemination, which can lead 

to physical damage to the spermatozoa during the centrifugation process (Brock et al. 1984, Gee 

et al. 2004, Mocé et al. 2010, Santiago-Moreno et al. 2011). Consequently, the use of alternative 

cryoprotectants, such as DMA and DMSO, has increasingly been explored in multiple studies. 

DMA causes alterations in the cell’s membrane structure, leading to an augmented permeability 

that allows penetration inside the cell. DMA was effective in many poultry species, being 

considered a good alternative to the traditional glycerol (Abouelezz et al. 2015). A great drawback 

of DMA is the toxicity to cells, aggravated with the increase in concentration (Prieto et al. 2014, 

Abouelezz et al. 2015). DMSO is the least studied of the three cryoprotectants mentioned above 

but it is known that it does not have the contraceptive effect of glycerol nor the high toxicity of 

DMA (Rakha et al. 2018). 

Semen evaluation 

Fertility is not an easily assessed parameter, since there are many variables involved, including 

aspects regarding the female and the male as well as nutrition, handling of the animals or the 

environment itself (Sellem et al. 2015, Love 2018). Age and health status should be taken in 

consideration before choosing a breeder, so a full physical exam is indispensable and, in the case 

of males, additionally an assessment of ejaculates (Love 2018, Noakes et al. 2018). Plus, a genetic 

analysis, which is principally essential in captive breeding programs of species where the genetic 

pool is low (Hmwe et al. 2006).  

To verify the quality of semen, its colour, concentration, motility and morphology can be 

evaluated. However, correlation between these parameters and actual fertility is not always clear. 

With the advancement of technology, it became possible to integrate other variables, like acrosome 

integrity, mitochondrial activity or even DNA integrity using fluorescent dyes (Martínez-Pastor et 

al. 2010, Love 2018). Another technological advancement enabled the complementation of a 

subjective evaluation of motility with an objective computerized one. Computer Assisted Semen 

Analysis (CASA) software is currently the most used one (Sellem et al. 2015). It is capable of 

registering the percentages of mobile and non-mobile spermatozoa and differentiate between 

progressive and non-progressive ones, in addition to assessing concentration and various velocity 

parameters. 
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Fluorescent dyes  

As every field of science, research in reproduction is rapidly evolving and the former methods to 

evaluate quality of semen are modernizing. With the need for faster, less expensive ways to assess 

semen in poultry, fluorescent dyes are increasingly popular in avian species. A variety of cell 

elements can be analysed, from the membrane to mitochondria, DNA or the acrosome, amongst 

others (Peña et al. 2005, Rui et al. 2017). Many protocols and associations between different dyes 

are now used in studies with domestic and wild birds (Martínez-Pastor et al. 2010). A few 

examples are discussed in more detail below.  

To evaluate viability several dyes can be used and combined, one of them is propidium iodide (PI). 

PI is only capable of penetrating cells with a damaged membrane to bind to nucleic acids present 

in the cell’s nucleus, resulting in the emission of red fluorescence. This means that a positive cell 

is a dead one since it doesn’t have an intact membrane. In alive cells, because the membrane is 

undamaged the dye is unable of entering the cell, resulting in the absence of fluorescence emission 

(Gillan et al. 2005, Celeghini et al. 2007, Martínez-Pastor et al. 2010). PI is often combined with 

another dye: SYBR-14. The latter stains alive cells bright green. The combination of both dyes 

allows for an easier count of the proportion of alive cells within a population. This was proven to 

have higher efficacy identifying damage to the spermatozoa, when compared to the traditional 

method of staining with eosin/nigrosin (Chalah & Brillard 1998). Another alternative is the YO-

PRO™-1 Iodide, which stains by fluorescence those cells that entered an apoptotic state, thus 

suffering an increase in permeability of the membrane (Peña et al. 2005). Alive spermatozoa are 

consequently negative for this dye (Gillan et al. 2005, Martínez-Pastor et al. 2010).  

The acrosome coats the outside of the spermatozoa head and is essential for the fertilization 

process. The acrosome reaction makes it possible for the spermatozoa to penetrate the oocyte, 

since it triggers the liberation of enzymes that destroy the inner perivitelline layer that is present 

around the oocyte in bird species (Lemoine et al. 2011). To assess the presence of damage to this 

element, peanut agglutinin (PNA) can be used. This molecule is a lectin capable of binding to 

glucose residues present in damaged acrosomes (Celeghini et al. 2007, Martínez-Pastor et al. 

2010).  

Another important parameter evaluated is the activity of mitochondria, for its importance to the 

cell metabolism and movement. Without correct functioning of this organelle, the cell wouldn’t 

be able to live or move the tail to reach its objective: the egg (Celeghini et al. 2007, Rui et al. 

2017). JC-1 (5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbo-cyanine iodide) 
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accumulates in the mitochondria as a green-fluorescence monomer. When a cell has a high 

mitochondrial membrane potential, the fluorescence changes to orange, being this scenario 

considered positive (Martinez-Pastor et al. 2005, Ortega-Ferrusola et al. 2009). The cytometer 

displays populations with high orange and low green fluorescence (high potential) or with low 

orange and high green fluorescence (low potential). The latter is considered as negative result for 

JC-1. Another dye, the MitoTracker® Deep Red FM (MT), can be used as a substitute for JC-1, 

since it only stains active mitochondria and has higher specificity (Celeghini et al. 2007, Partyka 

et al. 2010). 

DNA fragmentation can be a consequence of the high production of reactive oxygen species, 

osmotic level or pH variations, physical damage or the cryoprotectant used in the cryopreservation 

process (Perez-Cerezales et al. 2018). The damage to DNA can affect the ability of the sperm cell 

to fertilize the oocyte or even to stay alive (Bebas et al. 2016). The terminal transferase dUTP 

nick-end labeling (TUNEL) assay was designed to detect DNA fragmentation. The TUNEL 

protocol includes two different dyes: Hoechst 33342 and Tetramethylrhodamine-Red (TMR-Red). 

TMR-Red binds to cells with DNA strands with lose 3’-OH termini, containing altered 

nucleotides, emitting fluorescence. Hoechst 33342 marks DNA, which means that only actual 

sperm cells will emit the blue fluorescence after using this dye. The combination of both allows 

the counting of real spermatozoa with DNA fragmentation, and eliminating particles that can 

falsely emit red fluorescence with TMR-Red. The TUNEL protocol it’s complex and expensive, 

but evaluation of DNA fragmentation is an important tool in the assessment of sperm quality 

(Santiago-Moreno et al. 2019b). 

The traditional method to count cells stained with fluorescent dyes is with a fluorescence 

microscope. In recent years, technological advances created a faster and more accurate equipment: 

the flow cytometer. With it, it is possible to count thousands of cells in a few seconds, diminishing 

the error of a small sample size and of a human observer. However, its cost means that not all 

laboratories can afford to use it on a regular basis, and its complexity of use creates the need to 

train personnel able to correctly work with the equipment. This last step is essential not to 

introduce errors in the analysis, which would make the technological tool counterproductive 

(Partyka et al. 2010). 
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3. Materials and Methods  

Animals 

Semen was collected from seven adult males of the species European Peregrine Falcon (Falco 

peregrinus peregrinus) in the reproductive seasons of 2014 and 2019.  

The specimens are owned by Sevilla falcons S.L, a company located in Sevilla, Spain, that is 

dedicated to breeding and selling falcons. All birds were considered to be in good clinical 

conditions, sexually mature and fertile.  

Semen collection 

The collection was done by voluntary false copulation or, alternatively, by forced abdominal 

massage, adapted to this species. All semen samples were obtained by capillarity using glass 

capillaries (75 mL Globe Scientific Inc®, Paramus, New Jersey, USA), and then transferred into 

1.5 mL Eppendorf® microcentrifuge tubes (Eppendorf Ibérica SLU, San Sebastián de los Reyes, 

Madrid, Spain).  

Immediately after collection, samples where diluted 1:1 in the diluent Lake 7.1 (composition: 

0.08g of Magnesium acetate, 0.128g of tri-potassium citrate, 1.52 g of sodium glutamate, 0.6g of 

glucose, 3.05 g of the tampon BES, 5.8 mL of Sodium hydroxide, diluted in 100 mL of distilled 

water (370 mOsm/kg, pH = 7.1). Then, they were transported at room temperature. At the 

laboratory, the volume of each sample was recorded, and the motility was immediately evaluated. 

In all circumstances when the volume was too low, the ejaculates from two or three samples with 

similar quality were combined before the freezing process begun.  

Experimental Design:  

Experiment I: Freezing-Thawing Protocol  

A. Cryopreservation method 

Spermatozoa extended in Lake 7.1 were diluted with 3 % of DMA and equilibrated at 5ºC for 10 

min. Two different methods of freezing were compared: freezing in nitrogen vapours and 

vitrification in pellets.  

The cryopreservation in nitrogen vapours was performed after transferring the sample to 0,25 mL 

straws. The straws were placed in a racket 5 cm above the surface of a liquid nitrogen bath, for 10 
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min. This provides for a slow freezing rate: from 5 to -85 °C at 10 °C/min. Immediately after, they 

were plunged in nitrogen to achieve a temperature of -196 °C.  

To complete the vitrification method, 60 µL of sample was collected with a pipette and dropped 

directly onto a bath of liquid nitrogen.  

Samples were then thawed in a water bath heated at 37 ºC, for 30 seconds. To assess the damage 

suffered by the spermatozoa during the freezing process, fluorescent dyes and motility parameters 

were used. 

B. Thawing conditions 

Samples cryopreserved with nitrogen vapours following the methodology previously describe 

were thawed in a water bath at temperature of 37 °C for 30 seconds or at 5 °C for 1 minute.  

After that, the motility, viability, acrosome integrity and mitochondrial activity were assessed.  

Experiment II: Type and concentration of cryoprotectant  

A. Type of Cryoprotectant 

The effects of two cryoprotectants, DMA and DMSO were compared. DMA or DMSO was added 

to the diluted samples, to leave a final 3% concentration for DMA and 8% for DMSO. The samples 

were equilibrated for 10 min at 5°C. The samples were then transferred to 0.25 mL straws. 

Subsequently, the straws were frozen in a controlled rate freezer (ICECUBE 1810 Sy-Lab) using 

the following two-step freezing ramp: firstly, a descend from a temperature of -5 ºC to -35ºC at a 

rate of 7 ºC/min and, secondly, from -35 º C to -140 ºC at 60 ºC/min. 

The straws were thawed in diluent (Lake 7.1), heated at 37 ºC, for 30 seconds. Motility, viability 

and DNA fragmentation were assessed.  

B.  Concentration of Cryoprotectant 

The cryoprotectant that presented the best results was chosen to apply in this experiment using the 

protocol described above for experiment II A. The ejaculates were divided, and half was extended 

with 4 % DMSO and the other half with 8 % DMSO.  

After thawing (in Lake 7.1 at 37 ºC for 30 seconds), the same tests as the last experiment were 

performed to measure the damage inflicted by the cryopreservation process. 
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Sperm Quality Assessment: 

Sperm Motility: 

A subjective observation of the percentage of motile sperm and the quality of movement (score) 

was recorded.  

In addition, an objective evaluation was performed with the aid of CASA (Computer-assisted 

sperm analysis) system. The computer running this system was coupled to a Nikon Eclipse model 

50i phase contrast microscope (Nikon Instruments Europe B.V., Izasa S.A., Barcelona, Spain; 

negative contrast mode) and a Sperm Class Analyzer (SCA®, Barcelona, Spain) v.4.0. software 

(Microptic S.L., Barcelona, Spain).   

Sperm Viability: 

In experiment I, viability was evaluated together with acrosome integrity. For that end, a combined 

staining with PI and PNA was prepared. With that end, 50 µL of each dye were mixed in an 

Eppendorf tube. From the blend, 5 µL are added to 500 µL of a tampon solution. It is then 

incubated for 10 minutes in a dark environment with 5 µL of sample. After staining, samples were 

analysed using a flow cytometer (Cytomics FC500, Beckman Coulter, Brea, CA, USA; controlled 

with the MXP (v.3) software). Red spermatozoa are considered dead (PI positive), red heads with 

green acrosome (PNA positive) are dead cells with a damaged acrosome, entirely green ones are 

alive (PI negative) with damaged acrosome, and not stained cells are alive with intact acrosome 

(negative for both PI and PNA). The percentage of cells belonging to the two last populations 

mentioned was registered. 

In experiment II, the viability of the cells was appraised using the LIVE/DEADTM Sperm Viability 

Kit, with SYBR-14 and propidium iodide (PI). Five µL of semen (previously diluted 1:1 in Lake 

7.1) were diluted in 100 µL of a tampon solution, in a 1.5 mL Eppendorf® microcentrifuge tube. 

Two µL of SYBR-14 (diluted 1/19 in DMSO) were added and the resulting substance was then 

incubated for 10 minutes at 5-10 ºC (refrigerator, in a closed box that impedes light from entering). 

An addition of one µL of propidium iodide was performed and after the tube was incubated for 2 

minutes in the same conditions as the last step. In a fluorescence microscope (Eclipse E200, Nikon, 

Japan) at 400x (wave length: 450-490 nm), 100 spermatozoa were evaluated. Green stained cells 

were considered alive and red or yellow ones, dead (Figure A5 of the annex). The percentage of 

alive cells was registered. 
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Mitochondrial Activity: 

In experiment I A. to test mitochondrial activity, JC-1 dye was used. This protocol starts with the 

addition of 1 µL of JC-1 dye to 500 µL of a tampon solution. Afterwards it is necessary a 30 

minutes incubation in a dark environment at 37 ºC with 5 µL of semen. After staining, samples 

were analysed using the flow cytometer. The percentage of cells with high membrane potential 

(spermatozoa with a red middle piece) and cells with low membrane potential (cells containing a 

green middle piece) were recorded. 

In experiment I B., the JC-1 protocol was replaced by another staining, combining Hoechst 33342, 

YO-PRO-1, PI and Mitotracker deep red. To start the staining protocol, it is necessary to prepare 

the dyes in the exact concentrations, using PBS to dilute them correctly. The desired concentrations 

are: YO-PRO-1 – 0,1 µmol/L, PI - 2 µmol/L, Hoechst 33342 - 5,1 µmol/L and Mitotracker - 0,1 

µmol/L. For 5 mL of staining solution it is necessary to mix 50 µL de YO-PRO-1, 20 µL de PI, 20 

µL de Hoechst and 50 µL de Mitotracker together. In cytometry tubes, the sample should be 

incubated for 15 minutes in a dark environment, with this staining solution. For this protocol the 

flow cytometer is required to have three lasers – UV, blue and red. The first thing to do is select 

in the cytometer the cells stained blue by Hoechst 33342 (seen with the UV laser), since they are 

actually spermatozoa. Then, the population of spermatozoa negative for YO-PRO-1 (alive cells), 

seen with the blue laser was selected. This excludes cells positive for PI but nor for YO-PRO-1, 

because they are apoptotic. Of this group and using the red laser, the percentages of the ones 

negative (inactive mitochondria) and positive (active mitochondria) for MitoTracker were noted.  

DNA Fragmentation: 

In experiment II, the percentage of apoptosis and DNA fragmentation was obtained by applying a 

TUNEL protocol, with the “In Situ Cell Death Detection” (Roche, Basel, Switzerland). The 

ruptures in the DNA chain were marked with the Terminal Deoxynucleotidyl Transferase (TdT). 

This enzyme aggregates nucleotides stained with TMR-Red, forming a polymer with the 3'-OH 

end of the DNA chain (TUNEL reaction). For that end, 2-7 µL of semen were added to 100 µL of 

paraformaldehyde 4% in PBS. The tube was centrifuged for 10 min, with 210 rpm. Seventy-five 

µL were removed from the top layer and the rest re-suspend. To assembly the glass slides, they 

were firstly washed with detergent and water to avoid that the sample comes off during any step 

of the process. Circles are drawn with a glass marker and surrounded with liquid blocker. 

Ten µL of the semen and paraformaldehyde 4% mix are placed in each circle and then dried in a 

heated plaque. Twenty µL of Triton X-100 0,1%in PBS are put in each circle and incubated for 5 
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min in a wet chamber (dark and at ambient temperature). After a washing with PBS, ten µL of a 

combination of 91,7% of nucleotide buffer with 8,3% of TdT enzyme are added and incubated for 

one h in the wet chamber at 37 ºC.  

The next step is to dye with Hoechst 33342 (20 µL of Hoechst with a concentration of 0,1 mg/mL 

in each circle and incubated in the wet chamber for 5 min at ambient temperature). It stains blue 

the cells containing any DNA material. 

For the final step, a drop of assembly fluid (Fluoromont® - Sigma-Aldrich, MO, USA) is layered 

in each circle and covered with a glass cover. In the fluorescence microscope (Eclipse E200, 

Nikon, Japan) at 400x (wavelength: 330-380 nm), 200 blue stained cells are counted (stained with 

Hoechst) and then red ones (wavelength: 510-560 nm) were recorded (stained with TMR-Red). 

The total of blue cells and the ones simultaneously stained red are registered (Figures A1 and A2 

of the annex). The calculation of TUNEL positive percentage is done by dividing the number of 

apoptotic cells (red) by the number of cells detected with Hoechst (blue). 

Statistical analysis 

All statistical analyses were performed using IBM SPSS Software. The effect of the freezing and 

thawing methods and type and concentration of cryoprotectant was established using a univariate 

generalized linear model (GLM). The male and day of sperm collection were added to correct its 

effects. The dependent variables considered varied in the different experiments and are 

summarized in Table 1 below.  

The number of samples used in each experiment can be visualized in Table 2. Results were 

presented as mean ± standard error. The means of the dependent variables between treatments 

were compared using the Bonferroni test. Significance was set at 0.05% (p < 0.05).  

Table 1. Dependent Variables tested in each experiment. 

Experiment Dependent Variables Tested 

Experiment I A. 

Subjective Motility (SM); Alive Spermatozoa with Intact Acrosome (Alive/IA); Alive 

Spermatozoa with Damaged Acrosome (Alive/DA); Low Membrane Potential (LMP) 

and High Membrane Potential (HMP) 

Experiment I B. 
SM; Alive/IA; Alive/DA; Alive Spermatozoa without Mitochondrial Activity 

(Alive/MT-); Alive Spermatozoa with Mitochondrial Activity (Alive/MT+) 

Experiment II 

SM; Total Motility (TM - evaluated with CASA); Progressive motility (PM - obtained 

with CASA); Curvilinear Velocity (VCL); Straightness (STR); Amplitude of Lateral 

Head Displacement (ALH); 



16 
 

Viability (percentage of alive cells); TUNEL + (percentage of cells with DNA 

fragmentation). 

 

Table 2. Number of samples used in each experiment. 

Experiment Number of Samples 

Experiment I A. 6 samples for nitrogen vapours + 6 samples for vitrification 

Experiment I B. 3 samples for thawing at 37 ºC/30 sec + 3 samples for thawing at 5 ºC/1 min 

Experiment II A. 27 samples for DMA (3%) + 28 samples for DMSO (8%) 

Experiment II B. 10 samples for DMSO (4%) + 10 samples DMSO (8%)  

 

4. Results  

Experiment I: Freezing-Thawing Protocol 

A. Cryopreservation Method: 

Concerning the freezing methods there was a significant difference (p<0.05) in all the evaluated 

parameters except in LMP (illustrated in Figure 1). In the rest of the variables, significant 

differences were apparent between the nitrogen vapours and vitrification (Figure 1, Table A3 of 

the annex). 
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Figure 1. Effect of two freezing methods (nitrogen vapours vs. vitrification) on Peregrine Falcon’s sperm quality. 

* 
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SM = subjective motility; Alive/IA = alive spermatozoa with intact acrosome; Alive/DA = alive spermatozoa with 

damaged acrosome; LMP = low membrane potential; HMP = high membrane potential. 

* Statistically significant differences (p<0.05). 

B. Thawing Conditions 

No statistically significant differences were observed (p > 0.05) between the two studied thawing 

conditions (Figure 2, Table A4 of the annex).  
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Figure 2. Effect of two thawing conditions (37 ºC for 30 seconds and 5 ºC for 1 minute) on Peregrine Falcon’s sperm 

quality. 

SM = subjective motility; Alive/IA = alive spermatozoa with intact acrosome; Alive/DA = alive spermatozoa with 

damaged acrosome; Alive/MT- = Alive Spermatozoa without Mitochondrial Activity; Alive/MT+ = Alive 

Spermatozoa with Mitochondrial Activity. 

* Statistically significant differences (p<0.05). 

Experiment II: Type and concentration of cryoprotectant  

A. Type of Cryoprotectant 

Significant differences (p<0.01) were found for all motility parameters, both subjective parameters 

and those obtained with CASA. Sperm samples cryopreserved with 8% DMSO had higher motility 
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values than sperm samples cryopreserved with 3% DMA (Figure 3, Tables A5 and A6 of the 

annex). 

A large decrease in viability and subjective motility can be observed, from fresh to thawed semen, 

with either cryoprotectants (Figures 3 and 4).  
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Figure 3. Effect of two cryoprotectants (3% DMA vs. 8% DMSO) on Peregrine Falcon’s sperm quality. 
SM = Subjective Motility; TM = Total Motility (evaluated with CASA); PM = Progressive motility (obtained with 

CASA); VCL = Curvilinear Velocity; STR = Straightness; ALH = Amplitude of Lateral Head Displacement. 

* Statistically significant differences (p<0.05). 

 

The percentage of alive cells did not differ significantly (p>0.05), nor did the percentage of 

positive TUNEL spermatozoa between the two cryoprotectants, as shown in Figure 4. 

* 
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Figure 4. Effect of two cryoprotectants (3% DMA vs. 8% DMSO) on Peregrine Falcon’s sperm quality. 
Viability (%) = percentage of alive cells, TUNEL + (%) = percentage of cells with DNA fragmentation. 

* Statistically significant differences (p<0.05). 

 

B. Concentration of Cryoprotectant 

The concentration of 4% vs. 8% of DMSO had no statistically significant effect (p>0.05) on any 

of the evaluated sperm motility parameters (Figure 5, Tables A7 and A8 of the annex).  
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Figure 5. Effect of concentration of DMSO (4% vs. 8%) on Peregrine Falcon’s sperm quality. 

SM = Subjective Motility; TM = Total Motility (evaluated with CASA); PM = Progressive motility (obtained with 

CASA); VCL = Curvilinear Velocity; STR = Straightness; ALH = Amplitude of Lateral Head Displacement. 

* Statistically significant differences (p<0.05). 

The different concentrations of cryoprotectant had no statistically significant effect on sperm 

viability or DNA fragmentation (p>0.05) (Figure 6). 
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Figure 6. Effect of concentration of DMSO (4% vs. 8%) on Peregrine Falcon’s sperm quality. 

Viability (%) = percentage of alive cells, TUNEL + (%) = percentage of cells with DNA fragmentation. 

*Statistically significant differences (p<0.05). 

 

5. Discussion  

Semen cryopreservation is a complex process with a great deal of unanswered questions. And this 

is even more true in bird species (Santiago-Moreno et al. 2016). There is a need to adapt 

cryopreservation protocols to wild species to improve the efficacy of the freezing process and 

allowing its application in germplasm banks, reintroduction projects and to breeding of 

domesticated falcons. Identifying key steps in the protocol, potential problems and the conditions 

that obtain the best results is a step forward in this unexplored field. 

Samples obtained from Peregrine falcons were used to compare different freezing techniques, 

cryoprotectants (type and concentration) and thawing conditions. In our experimental design, as 

expected when dealing with wild birds, there were some constraints for low volumes of ejaculate 

per animal, small number of individuals available and a short reproductive season. These factors 

posed the biggest obstacles to the study.  
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Our results showed, firstly, that the cryopreservation process drastically affects the quality of 

sperm and, secondly, that the most critical steps of the process in this species are the method of 

freezing and type cryoprotectant used. The susceptibility of bird semen to the cryopreservation 

process has been extensively reported and the decrease of fertility capacity and motility compared 

to fresh semen has been demonstrated before numerously in bibliography (Blanco et al. 2000, 

Madeddu et al. 2009, Mocé et al. 2010, Santiago-Moreno et al. 2016). It is believed that the size 

and shape of the avian sperm cells makes them more vulnerable to manipulation (Madeddu et al. 

2009, Santiago-Moreno et al. 2019a). 

Experiment I: Freezing-Thawing Protocol 

A. Cryopreservation Method: 

Our experiment showed that slower freezing in nitrogen vapours had better results, with statistical 

significance, in all parameters except LMP. This is illustrated by higher motility and numbers of 

alive cells with intact acrosome and high mitochondrial membrane potential, as well as a smaller 

percentage of spermatozoa with damaged acrosome, when compared to vitrification. Therefore, 

our results indicate potentially better fertility outcomes with the slower freezing. This scenario 

agrees with previous experiments that reported worse outcome with vitrification in sperm from 

turkey, crane (Gee et al. 2004, Comizzoli et al. 2012) and rooster (Mphaphathi et al. 2012).  

Vitrification was recently developed with the objective of impeding the formation of ice crystals, 

that damage cells during the freezing-thawing process. This goal is achieved by drastically 

accelerating the cooling process. This fast-freezing method has apparently great advantages, but 

data suggests that it is not adequate for avian spermatozoa (Mphaphathi et al. 2012). To allow for 

the quick descend in temperature, enormous concentrations of cryoprotectants are required inside 

the cell. This may be a problem in birds, because the size of the sperm head is much smaller than 

that of mammal species and the membrane’s structure has higher resistance to the passage of the 

cryoprotectant (Mphaphathi et al. 2012, Rakha et al. 2018). The fact that the cryoprotectant’s 

effect during the vitrification process is not the same as planned for mammals can be a possible 

hypothesis for the poor results of applying fast cooling rates to sperm of birds. 

B. Thawing Conditions 

The time and temperature in which the straws were thawed didn’t have a statistically significant 

impact on the characteristics of the cells. In other species, for example the gentoo penguin, thawing 

conditions, similarly as our findings, had no influence on sperm quality (Santiago-Moreno et al. 

2019a), unlike the observed for black-footed penguins (Santiago-Moreno et al. 2019a) or roosters 
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(Mphaphathi et al. 2012, Abouelezz et al. 2015) in which higher temperatures are more harmful 

to sperm. Data support the fact that thawing temperature affects semen characteristics in a species-

specific manner. Greater number of samples would be necessary to evaluate if this step is in fact 

not critical to falcon’s sperm cryopreservation.  

Experiment II: Type and concentration of cryoprotectant  

A. Type of Cryoprotectant 

The present result show that DMA has a more harmful effect on motility variables than DMSO.  

DMSO is a less explored and used cryoprotectant, in a general sense, nonetheless previous 

experiments with turkeys’ sperm also proved that DMSO can have better results than the more 

used cryoprotectant, DMA (Iaffaldano et al. 2016). Our findings also agree with those obtained in 

whooping cranes and white-naped cranes, in which DMSO was a better cryoprotectant than DMA, 

based on post-thaw sperm motility, sperm viability and inner perivitelline membrane binding test 

(Brown et al. 2018). In contrast, a previous report in shandhill crane sperm showed a higher sperm 

viability and fertility when using DMA as a cryoprotectant compared to DMSO (Blanco et al. 

2012). Specie-specific differences in membrane composition and seminal plasma content might 

explain these differences.  

Since the two cryoprotectants are considered penetrating and are similar in their cryo-protective 

mechanism of action, clarifications for these differences can be difficult to find. The two tested 

cryoprotectants might have similar characteristics, however some dissimilar molecular structures 

may result on different effects in the cell membrane. This may result in different permeability to 

water, which can account for differences in post-thaw motility (Iaffaldano et al. 2016). In addition, 

DMA is usually considered to be more toxic to cells (Abouelezz et al. 2015), which can account 

for the lower motility than with the use of DMSO, in this experiment. 

In domestic bird species, DMA is often recommended for sperm cryopreservation in pellets, 

having better results when applied to protocols with rapid cooling rates (Santiago-Moreno et al. 

2011, Abouelezz et al. 2015, Rakha et al. 2018). A possible explanation is the interference of the 

plastic that forms the straws with the cryoprotectant, leading to a worsening of the results (Rakha 

et al. 2018). In its turn, DMSO is referred as better suited for slow freezing methods (Rakha et al. 

2018). Since in this study, a slow freezing method with the use of straws was chosen, a more 

effective protocol with DMSO was more likely (Santiago-Moreno et al. 2011).  

The findings demonstrated that DMSO was a preferred cryoprotectant for falcon’s sperm.  
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B. Concentration of the cryoprotectant 

The impact of different concentrations of cryoprotectant was tested and no statistically significant 

differences were found in any parameter. The increase in the concentration of a cryoprotectant can 

have adverse effects for two reasons: the rise in osmolarity leads to an osmotic shock or the toxic 

effects of the chemical can result in cell damage.  

DMSO is a permeating cryoprotectant that has two different effects accordingly to its 

concentration. In lower amounts, DMSO prompts a thinning of the membrane, that in its turn 

facilitates the passage of water and of the cryoprotectant. In high concentrations, DMSO forms 

pores in the membrane, which can ultimately result in the destruction of the entire cell (Rakha et 

al. 2018). A balance between the two effects, possibly achieved by concentrations of 8 to 10 %, 

was suggested as ideal in a simulation with artificial lipidic membranes (Gurtovenko & Anwar 

2007). Still, bibliography suggests that the tolerance for changes in concentration can be highly 

species-specific. In studies comparing different concentrations of DMSO, optimal results were 

achieved with 4,8 % in turkey (Graham et al. 1982); 6% in pheasant, chicken (Herrera et al. 2005) 

and crane (Blanco et al. 2011); 8% in Indian red jungle fowl (Rakha et al. 2018) and 10% in duck 

(Han et al. 2005) and kestrel (Gee et al. 1993).  

Prior research that tested the effect of extreme osmolarities determined that wild avian species had 

higher resistance to hyperosmolar conditions, when compared to domestic ones (Blanco et al. 

2000, 2008, 2011). These studies concluded that raptor species (eagles and falcons) have extreme 

resistance to hyperosmolarity (Blanco et al. 2000).  

Rakha et al. (2017) suggested that different affinities to the cryoprotectant can affect the resistance 

of the sperm cell to the effect of the cryoprotectant. It is thought that cholesterol content in the 

membrane can increase the ability to remain stable, since cholesterol originates a more organized 

and cohesive membrane structure (Rakha et al. 2018). Our results illustrate the lack of interference 

of different concentrations in falcon’s spermatozoa survival. The differences in membrane cell 

content and structure in falcons can be a possible explanation for the high tolerance to the adverse 

effects of the cryoprotectant (Blanco et al. 2011, Rakha et al. 2018).  

 

Overall, the motility results were inferior to what was initially desired, which can have multiple 

potential explanations: production of reactive oxygen species, damage to the morphology of the 

cell, an exhaustion of energy reserves or possible permanent damage to mitochondria during the 
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freezing-thawing process. An addition of Tyrode's albumin lactate pyruvate (TALP) could be an 

option to restore calcium and verify if the reason is simply a depletion of energy during transport. 

Furthermore, tests to the production of reactive oxygen species or mitochondria’s activity and 

integrity would be ideal to perform to confirm the hypothesis.  The damage to this organelle could 

happen during the cooling process indicating that perhaps the freezing method could be 

inappropriate for this species. There are many cooling rates that can be applied with success to 

spermatozoa and so these results can present the need to explore the most adequate one to falcons. 

Falcon spermatozoa have a different shape than those of domestic and several other wild bird 

species most commonly used in similar studies. A possible correlation between morphology and 

size of the heads with optimal cooling rates could exist and explain why this is a factor influencing 

the efficiency of the method. 

Also, falcon ejaculates show a high incidence of sperm pleiomorphy; the high percentage of 

spermatocytes and spermatids in ejaculates suggests a deleterious effect on semen 

cryopreservation in these species. Washing procedures, for example the dextran swim-up 

technique, could be beneficial for the highly contaminated and pleiomorphic samples of this raptor 

(Villaverde-Morcillo et al. 2017).  

As mentioned, fertility is a difficult parameter to evaluate. Motility, viability, acrosome integrity, 

mitochondrial activity and DNA fragmentation were used in the attempt to predict the fertility 

capacity of sperm samples. It is important to consider the possible effect of the passage through 

the females’ reproductive tract on spermatozoa (Blanco et al. 2009). So, the future of this project 

includes assessing the success of artificial inseminations using semen frozen with the optimized 

protocol. 

6. Conclusion 

In summary, two steps were identified as critical in the cryopreservation process of falcon’s sperm: 

the freezing method and the type of cryoprotectant utilized. Data showed that the preferred method 

for cryopreserving falcon’s sperm was the use of nitrogen vapours, that allows for slow cooling of 

sperm cells. DMSO was the cryoprotectant with better post-thaw results overall. Thawing 

conditions and concentration of the cryoprotectant had apparently no significant effect in the 

quality of samples.  
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Annex 

Fresh Semen 

Table A1. Fresh Sperm variables (mean ± standard error). Results from experiment I.  

a SM = subjective motility (observed subjectively); TM = total motility (evaluated with CASA); PM = progressive 

motility (evaluated with CASA); VCL = curvilinear velocity; VSL = straight-line velocity; VAP = average path 

velocity; LIN = linearity of track; STR = straightness; WOB = wobble; ALH = amplitude of lateral head displacement; 

BCF = beat-cross frequency. 

 

Table A2. Fresh Sperm variables (mean ± standard error). Results from experiment II.  

a SM = subjective motility (observed subjectively); TM = total motility (evaluated with CASA); PM = progressive 

motility (evaluated with CASA); VCL = curvilinear velocity; VSL = straight-line velocity; VAP = average path 

velocity; LIN = linearity of track; STR = straightness; WOB = wobble; ALH = amplitude of lateral head displacement; 

BCF = beat-cross frequency. 

Sperm motility variables a Mean ± Std. Error Range N 

Volume (µL) 62.1 ± 7.3 30.0 – 135.0 12 

SM (%) 59.8 ± 4.0 5.0 – 90.0 41 

TM (%) 27.6 ± 2.5 4.7 – 76.8 53 

PM (%) 14.2 ± 1.6 1.5 – 49.1 53 

VCL (µm/sec) 38.5 ± 1.2 21.6 – 54.9 53 

VSL (µm/sec) 26.3 ± 1.1 10.3 – 44.1 53 

VAP (µm/sec) 30.1 ± 1.1 14.1 – 47.3 53 

LIN (%) 57.9 ± 0.9 38.8 – 72.7 53 

STR (%) 76.9 ± 0.6 64.8 – 89.8 53 

WOB (%) 72.2 ± 0.7 57.0 – 80.2 53 

ALH (µm) 1.5 ± 0.0 1.2 – 1.9 53 

BCF (Hz) 6.2 ± 0.2 3.3 – 9.0 53 

Sperm motility variables a Mean ± Std. Error Range N 

Volume (µL) 45.7 ± 3.1 15.0 – 125.0 45 

SM (%) 79.6 ± 1.5 50.0 – 95.0 45 

TM (%) 70.5 ± 2.1 37.7 – 89.7 45 

PM (%) 22.3 ± 1.7 5.3 – 55.9 45 

VCL (µm/sec) 43.7 ± 1.2 29.7 – 66.4 45 

VSL (µm/sec) 27.0 ± 1.1 15.1 – 54.2 45 

VAP (µm/sec) 33.0 ± 1.1 21.6 – 58-2 45 

LIN (%) 61.2 ± 1.3 38.0 – 81.6 45 

STR (%) 81.0 ± 1.0 59.3 – 93.1 45 

WOB (%) 75.3 ± 0.8 64.0 – 87.7 45 

ALH (µm) 2.3 ± 0.1 1.2 – 3.5 45 

BCF (Hz) 9.7 ± 0.2 5.5 – 12.3 45 
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Experiment I A. – Cryopreservation Method 

Table A3. Effect of two cryopreservation methods (nitrogen vapours and vitrification) on Peregrine Falcon’s sperm 

quality parameters (mean ± standard error). 

 

c SM = subjective motility; Alive/IA = alive spermatozoa with intact acrosome; Alive/DA = alive spermatozoa with 

damaged acrosome; LMP = low membrane potential; HMP = high membrane potential. 

Different letters (a, b) within rows reflect significant differences (p<0.05). 

 

Experiment I B. – Thawing conditions 

Table A4. Effect of different thawing conditions (37 ºC/30 sec vs. 5 ºC/1 min) on Peregrine Falcon’s sperm quality 

parameters (mean ± standard error).  

c SM = subjective motility; Alive/IA = alive spermatozoa with intact acrosome; Alive/DA = alive spermatozoa with 

damaged acrosome; Alive/MT- = Alive Spermatozoa without Mitochondrial Activity; Alive/MT+ = Alive 

Spermatozoa with Mitochondrial Activity. 

Different letters (a, b) within rows reflect significant differences (p<0.05). 

 

Experiment II A. - Type of cryoprotectant 

Table A5. Effect of different cryoprotectants (3%DMA vs. 8% DMSO) on Peregrine Falcon’s sperm quality 

parameters (mean ± standard error).  

Sperm variables c Nitrogen vapours Vitrification 

SM (%) 22.5 ± 4.4 a 0.0 ± 4.1b 

Alive/IA (%) 84.6 ± 4.3 a 77.4 ± 4.3 b 

Alive/DA (%) 4.5 ± 4.2 a 11.0 ± 4.2 b 

LMP (%) 47.3 ± 17.2 a 48.8 ± 17.2 a 

HMP (%) 41.0 ± 6.7 a 12.8 ± 6.7 b 

Sperm variables c 37 ºC/30 sec 5 ºC/1 min 

SM (%) 15.0 ± 30.7 a 12.5 ± 30.7 a 

Alive/IA (%) 83.2 ± 6.4 a 84.3 ± 6.4 a 

Alive/DA (%) 1.9 ± 1.7 a 1.0 ± 1.7 a 

Alive/MT+ (%) 21.2 ± 10.6 a 22.1 ± 10.6 a 

Alive/MT- (%) 61.2 ± 31.0 a 63.3 ± 31.0 a 

Sperm variables Fresh DMA (3%) DMSO (8%) 

SM (%) 80.9 ± 9.1 4.2 ± 1.9 a  13.9 ± 1.8 b 

Viability (%) 78.5 ± 13.5  50.3 ± 2.8 a  48.1 ± 2.7 a 

TUNEL + (%) 5.8 ± 0.6 28.8 ± 2.3 a  26.7 ± 2.3 a 
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Different letters (a, b) within rows reflect significant differences (p<0.05). 

 

Table A6. Effect of different cryoprotectants (3%DMA vs. 8% DMSO) on Peregrine Falcon’s sperm motility 

parameters (mean ± standard error).  

Different letters (a, b) within rows reflect significant differences (p<0.05). 

 

Experiment II B. – Concentration of Cryoprotectant 

Table A7. Effect of different concentrations of DMSO (4% vs. 8%) on Peregrine Falcon’s sperm quality parameters 

(mean ± standard error).  

Different letters (a, b) within rows reflect significant differences (p<0.05). 

 

Table A8. Effect of different concentrations of DMSO (4% vs. 8%) on Peregrine Falcon’s sperm motility parameters 

(mean ± standard error).  

CASA motility variables Fresh DMA (3%) DMSO (8%) 

TM (%) 70.6 ± 2.5 7.7 ± 2.3 a 21.1 ± 2.3 b 

PM (%) 22.0 ± 1.8 1.1 ± 0.3 a 2.1 ± 0.3 b 

VCL (µm/sec) 44.5 ± 1.1 13.2 ± 2.3 a 23.2 ± 2.3 b 

VSL (µm/sec) 26.6 ± 1.1 7.7 ± 1.4 a 12.9 ± 1.4 b 

VAP (µm/sec) 33.0 ± 1.0 9.7 ± 1.7 a 16.2 ± 1.7 b 

LIN (%) 59.2 ± 1.4 35.6 ± 4.9 a 50.2 ± 4.8 b 

STR (%) 79.8 ± 1.2 49.0 ± 6.4 a 70.6 ± 6.2 b 

WOB (%) 73.9 ± 0.9 45.5 ± 5.9 a 62.9 ± 5.8 b 

ALH (µm) 2.3 ± 0.1 0.3 ± 0.1 a 0.8 ± 0.1 b 

BCF (Hz) 9.5 ± 0.3 1.2 ± 0.5 a 3.1 ± 0.5 b 

Sperm variables Fresh DMSO (4%) DMSO (8%) 

SM (%) 74.0 ± 4.2 9.5 ± 1.9 a 8.1 ± 1.8 a 

Viability (%) 77.4 ± 2.3 44.6 ± 3.6 a 41.8 ± 3.6 a 

TUNEL + (%) 5.4 ± 1.5 18.6 ± 2.3 a 14.8 ± 2.3 a 

CASA motility variables Fresh DMSO (4%) DMSO (8%) 

TM (%) 67.4 ± 4.2 14.5 ± 2.7 a 12.6 ± 2.7 a 

PM (%) 219 ± 5.2 2.0 ± 0.5 a 1.6 ± 0.5 a 

VCL (µm/sec) 40.7 ± 3.7 23.7 ± 4.5 a 21.6 ± 4.5 a 

VSL (µm/sec) 27.8 ± 3.7 16.1 ± 2.9 a 13.2 ± 2.9 a 

VAP (µm/sec) 32.4 ± 3.6 18.1 ± 3.3 a 15.4 ± 3.3 a 
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Different letters (a, b) within rows reflect significant differences (p<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LIN (%) 66.6 ± 3.0 59.2 ± 8.5 a 51.6 ± 8.5 a 

STR (%) 84.3 ± 2.0 77.8 ± 10.4 a 69.4 ± 10.4 a 

WOB (%) 78.7 ± 1.9 67.9 ± 9.2 a 59.3± 9.2 a 

ALH (µm) 2.1 ± 0.1 0.4 ± 0.2 a 0.4 ± 0.2 a 

BCF (Hz) 10.5 ± 0.5 2.5 ± 0.8 a 2.2 ± 0.8 a 

Figure A1. Composed photo of TUNEL staining applied to falcon spermatozoa, 

400x. Sobreposition of two photos: the one in the background taken with an UV 

filter capturing fluorescence emitted at 490 nm by blue stained cells with Hoechst 

dye.  
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Figure A3. Collection of ejaculates using the voluntary copulation method, with a specially adapted hat. © 

SevillaFalcons. 

 

  

Figure A2. Composed photo of TUNEL staining applied to falcon spermatozoa, 

400x. Sobreposition of two photos: the one in the background taken with an UV 

filter capturing fluorescence emitted at 490 nm by blue stained cells with Hoechst 

dye.  
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Figure A4. Straws in the ICECUBE freezer going through the cooling process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A5. Spermatozoa from an Accipiter gentilis (Eurasian Goshawk), stained with PI/SYBR-14 and seen 

with a fluorescence microscope (400x).  


