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ABSTRACT

GONADAL AND ADRENAL HORMONE PATTERNS IN AFRICAN LIONS
(PANTHERA LEO) OF DIVERSE AGE AND REPRODUCTIVE SUCCESS
Sarah Putman, M.S.
George Mason University, 2015
Thesis Director: Dr. Geoffrey Birchard

This study sought to gain a more thorough understanding of male and female
African lion (Panthera leo) reproductive biology through non-invasive means. Compared
to other felids housed in captivity, lions historically bred well. However, a 6-year period
of low fecundity in the U.S. population was observed after the cessation of a breeding
moratorium, so the North American African lion Species Survival Plan (SSP) requested
assistance in identifying the cause. Additionally, wild lion populations are declining
rapidly; thus, maintaining captive insurance populations and developing assisted
reproductive technologies may be required to maintain genetic diversity and preserve the
species. However, there is a dearth of basic information on lion reproductive biology,
including puberty onset and the impact of stress on reproductive function, which led to
this biomedical survey of animals of varying ages and reproductive success within the
captive population. Twenty six males from 18 zoos ranging in age from < 1 mo – 16.0 yr,
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and 38 females from 19 zoos, ranging in age from < 1 mo – 13.8 yr, were included in this
study. Gonadal and adrenal steroid hormone metabolites were monitored in feces
collected from 20 males and 28 females, body weights measurements were obtained
~monthly from 11 males and 17 females, and urine samples were collected from six
males for spermaturia evaluation. Specific objectives of this study were to: 1) utilize noninvasive hormone monitoring to identify age and seasonal changes in gonadal and adrenal
activity; 2) assess hormonal fluctuations related to reproductive events, such as
pregnancy and estrus, to characterize reproductive life history stages; 3) examine puberty
onset using variation in hormone concentrations, reproductive events and body weight
measurements in females, and changes in hormone concentrations, body weight and
urinary sperm in males; and 4) obtain hormonal substantiation of contraceptive effects in
female lions.
There was an increase in fecal androgen metabolite concentrations (FAM) at 2.0
yr of age, indicating a shift from peripubertal to subadult androgen production. While
subadults had similar FAM to adult males, they had not reached a full adult weight.
Puberty occurred at an earlier age in captive than wild male lions; urinalysis for the
presence of spermatozoa showed positive results in 83% of samples collected from males
as young as 1.2 yr. Growth rates, based on body weight measurements, also was faster in
captive individuals than wild counterparts. For females, longitudinal hormonal
assessments showed that there were few age-related and no seasonality-related changes in
ovarian steroid production after 0.9 yr. Based on fecal estrogen metabolites (FEM), 95%
percent of individuals not treated with contraception were cycling normally; estrous cycle
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length averaged 17.5 ± 0.4 d, estrus was 4.4 ± 0.2 d and silent estrus was observed in
82% of females where behavioral observations were available. Pregnant luteal phases
averaged 109.5 ± 1.0 d, while non-pregnant luteal phases were only 46.0 ± 1.2 d. In eight
females treated gonadotropin-releasing hormone agonist (GnRH, Suprelorin)
contraceptives, the return to cyclicity was variable; individuals treated with Suprelorin
averaged ~4.0 yr. Similar to males, puberty onset occurred earlier in female lions; estrous
cycles were observed as early as 1.1 yr, which may have been related to a faster rate of
growth in captive versus wild cubs. Fecal glucocorticoid metabolite (FGM)
concentrations did not vary by age or season in males or females; however, females that
were treated with contraceptives exhibited significantly lower mean FGM during
treatment compared to before or after treatment. All but one uncontracepted female was
cycling normally during the study, so it appears that the decrease in reproductive output
in the years following the breeding moratorium was not related to problems in gonadal or
adrenal hormone function, but for some females may have been linked to previous
hormone contraception use.
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CHAPTER 1: LITERATURE REVIEW

The African Lion
Conservation Status
Lions were once one of the most widely distributed terrestrial mammal species,
residing on five continents. Ten thousand years ago the modern species of lion (Panthera
leo) was found in Africa and parts of Europe and Asia (Dubach et al., 2005; Barnett et
al., 2006a, 2006b). In the 1800s there were about 1.2 million lions in existence, but by
1940 the population had decreased to approximately 450,000 (“Big Cat Initiative - Lion
population decline map.,” 2009). Presently, most lions exist in small pockets of savanna,
dry forest and in protected reserves in Africa (Chardonnet, 2002; Riggio et al., 2012).
Approximately 85% of suitable habitat has been lost in the past 500 years (Morrison et
al., 2007), Figure 1 (“Lion distribution,” 2013). Lions tolerate a variety of habitats, from
desert to mountain terrain, with the exception of the interior of the Sahara desert and
tropical rainforest (Schaller, 1972; Nowell & Jackson, 1996). Tanzania has the greatest
population of lions on the continent, these exist both inside protected reserves and
national parks and free-ranging (Chardonnet, 2002). In contrast, lions in South Africa
currently only survive in protected areas managed by the government or on private
property (Kettles & Slotow, 2009). As of 2004, there were estimated to be between
16,500 and 30,000 lions in the wild and in protected areas on the African continent
(Bauer & van der Merwe, 2004), a decrease of over 90% in 60 years.
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Figure 1. Historic and present distribution of Panthera leo

Globally, African lions are considered vulnerable with a population trend that is
decreasing (IUCN, 2015), but in western and central Africa, lions are considered
endangered (Bauer et al., 2003). Only seven countries, all in eastern and southern Africa,
have more than 1000 lions (Panthera, Inc., 2013). The remaining population of fewer
than 400 critically endangered Asiatic lions resides in the Gir forest, Gujarat state, India
(Umapathy et al., 2007; IUCN, 2015). Designating Panthera leo into several subspecies
has been suggested and debated (O’Brien et al., 1987; Nowell & Jackson, 1996; Dubach
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et al., 2005; Barnett et al., 2006a; Antunes et al., 2008; Bertola et al., 2011). Most
research has concluded that there is not enough difference between lion populations
across Africa to indicate separate subspecies (O’Brien et al., 1987; Antunes et al., 2008).
Lions show morphological variation in coat and mane color and mane size (West &
Packer, 2002; Whitman, 2010), which is typical in large-sized animals with expansive
habitat ranges (Hallgrímsson & Maiorana, 2000; Dubach et al., 2005). While
mitochondrial genetic differences across lions in Africa alone are not high enough to
warrant sub-species distinctions, further genetic studies are recommended because
regional differences are discernible (Dubach et al., 2005; Bertola et al., 2011). If
taxonomic distinctions can be definitively classified, conservation efforts to preserve
each will be critical, especially for the survival of lions in western and central Africa
(Bauer et al., 2003; Bertola et al., 2011).
There are many reasons for the decline in lion populations throughout Africa,
from persecution to habitat loss (Bertram, 1978; Hayward, Obrien & Kerley, 2007;
Lagendijk & Gusset, 2008). People have killed lions out of fear (Lagendijk & Gusset,
2008) and animals kept as pets have spread diseases to local lion populations (RoelkeParker et al., 1996). For example, canine distemper virus (CDV) is thought to have been
responsible for the death of one-third of the lions in the Serengeti in 1994 (Roelke-Parker
et al., 1996; Munson et al., 2008). During the 1800s and 1900s, hundreds of lions were
killed daily as a means of population control since they were seen as a danger and as a
nuisance (Bertram, 1978; Smuts, 1982; Herne, 1999). Improved livestock husbandry has
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decreased human-wildlife conflict, benefiting both farmers and lions (Ogada et al., 2003;
Woodroffe et al., 2007; Pimm, 2012; Gregory, 2013).
Lions are considered one of the Big 5 must-see species in Africa (Nullis, 2007)
and in eight southern and eastern African countries, they are considered to be both a
consumptive (hunting tourism) and a non-consumptive (photo-tourism) economic
resource (Booth, 2009). Wildlife tourism is important to the economies of many African
countries; decreases in revenue lowers government funding for conservation efforts and
reduces the number of jobs available to local residents. The management of lions requires
the consideration of both types of usage and there needs to be a balance of them in order
to maintain the African savannah ecosystem (Lindsey et al., 2012a, 2012b).
Sustainable ‘trophy’ hunting is controversial; the transfer of African lions from
CITES Appendix II to CITES Appendix I was proposed in 2004 (Nowell, 2004) and in
2011, several organizations petitioned the United States Fish and Wildlife Service (FWS)
to declare the African lion an endangered species (Songorwa, 2013). Classifying the lion
as endangered would prohibit the importation of trophies into the US (Songorwa, 2013).
Americans are the largest fraction of trophy hunters in Africa (UNEP-WCMC, 2004;
Nullis, 2007) and without the option of returning with a lion, it is less likely they will
spend the money to hunt at all (Songorwa, 2013).
Also, to preserve wildlife populations within the reserves for the future, they must
be managed as well as possible. For areas that are fenced, there is a carrying capacity
limit for lions (Hayward et al., 2007; Packer et al., 2013). Options for managing lion
numbers within a reserve include translocation of young animals out and bringing new
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males in to take over the prides (Hunter et al., 2007; Trinkel et al., 2008; Kettles &
Slotow, 2009) and controlling fertility of females with contraception (Seal, 1991;
Kirkpatrick & Frank, 2005; Bertschinger et al., 2008; Kettles & Slotow, 2009).
Methods for Conservation Success
Educating and involving local communities in conservation efforts provide some
of the best insurance policies for indigenous species and ecosystems (Woodroffe et al.,
2007; Talbot, 2009). For many years, lions were not a priority conservation concern.
There are still over 10,000 lions in the wild, but conservation measures need to be
implemented before the population dwindles. The situation is dire for many species and
extreme measures are required to preserve them. If action is taken now, lions can be
maintained for a lower cost. The loss of apex species will impact the populations of prey
species and subsequently change the habitat (Sinclair, Mduma & Brashares, 2003; Talbot,
2009; Estes et al., 2011). Therefore, conserving lions now will also help sustain
ecosystems and habitats.

Life History
African lions are the largest felid in Africa and are sexually dimorphic; adult
females weigh, on average, 127 kg (Schaller, 1972; Smuts, Robinson & Whyte, 1980;
Brown et al., 1993) while males can be up to 50% larger (Smuts et al., 1980), averaging
182 kg (Schaller, 1972; Smuts et al., 1980; Brown et al., 1991). Additionally, as a
secondary sexual characteristic unique to lions, males develop a mane around their neck
and chest that serves as a measure of androgen production (Nowell & Jackson, 1996;
West & Packer, 2002), gender identification at long distances (Nowell & Jackson, 1996)
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and potentially protection during fights (Chardonnet, 2002). Lions are the only social
felid, typically living in groups, called prides, consisting of 1 - 18 related females, their
dependent offspring and a range of 1 - 9 males (Schaller, 1972; Packer & Pusey, 1982;
Brown et al., 1991; Sunquist & Sunquist, 2002). Within the pride social structure, males
predominately maintain territory through patrols and scent marking and defend it and the
pride from outside competitors while females do the majority of the hunting and
offspring rearing (Schaller, 1972; Bertram, 1978). The size of a pride and its territory is
generally determined by prey availability (Van Orsdol, Hanby & Bygott, 1985) with
territories varying between eight (Kettles & Slotow, 2009) and 180 km2 (Sunquist &
Sunquist, 2002). Loss of habitat causes a decrease in both prey availability and suitable
defendable territories and thusly, a lower carrying capacity of lions in a given area
(Kettles & Slotow, 2009).
Lions are strict carnivores and will eat anything they catch or steal. Prides focus
on medium to large herbivores such as wildebeest (Connochaetes ssp) and zebras (Equus
ssp) (Smuts, 1982). Some prides are capable of hunting very large prey including African
buffalo (Syncerus caffer), giraffe (Giraffa camelopardalis) (Smuts, 1982) and African
elephant (Loxodonta africana) (Power & Compion, 2009). Lions will scavenge from
carcasses and will steal kills from hyenas (Hyaenidae) and leopards (Panthera pardus)
(Bertram, 1978). Kills are usually executed by the females, acting either alone or
communally (Bertram, 1975). Males are capable of killing prey, but resident males tend
to follow the hunt without participating and when the hunt is successful will force
females away from the carcass and eat first. Adult female lions need 5 – 8 kg of meat per
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day with adult males needing more and cubs less (Bertram, 1978; Packer, Scheel &
Pusey, 1990). However, lions seldom eat daily. They are capable of consuming several
days’ food at one kill, up to 20% of their body weight (Schaller, 1972; Bertram, 1978). In
large prides, they need to feed most nights to ensure most individuals obtain enough
meat. Cubs in the pride eat after the adults and may go a number of days without meat.
Starvation is a common cause of death in young lions (Bertram, 1978).
As cubs mature, young females generally stay with the natal pride while young
males leave, or are forced from, the pride between 2 – 3 yr (Schaller, 1972; Rudnai, 1973;
Bertram, 1975). Individuals that leave prides become nomads, either remaining solitary
or forming transitory groups with other nomads (Bertram, 1978). The foundation of new
prides may be formed from groups of nomadic animals (Schaller, 1972; Bertram, 1978).
Females will leave their biological pride as a result of low prey availability or if the pride
is very large (Schaller, 1972). Young males often remain with any cohorts ejected from
the same pride and may form coalition groups with unrelated males as they continue to
mature (Bertram, 1978; Sunquist & Sunquist, 2002).
The population of adult males in a pride is fluid and the frequency of changes is
dependent on the number of males and their ages (Bygott, Bertram & Hanby, 1979).
Resident male lions are repeatedly challenged for their prides and are typically able to
retain power over a territory and pride for a few months to three - four years before they
are overthrown by another, likely younger, male or coalition (Bertram, 1975; Packer &
Pusey, 1982). Cooperative behavior, such as forming groups, improves male reproductive
fitness (Bygott et al., 1979; Packer & Pusey, 1982). The length of residency in a pride
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and number of offspring surviving past 2 yr is positively correlated with the number of
males in a coalition (Bygott et al., 1979). The average age at which singleton or coalition
of males successfully gains and maintains a pride and territory is 4 (Rudnai, 1973; Pusey
& Packer, 1987) – 5 yr (Bertram, 1978; Smuts, Hanks & Whyte, 1978) and the mean age
of a pride male is 6.5 yr (Smuts et al., 1978). However, individuals as young as 3.3+ yr
have been considered resident males in the Serengeti and Ngorongoro Crater (Brown et
al., 1991). Moreover, a singleton or coalition rarely obtains a second pride after being
overthrown, instead returning to a nomadic lifestyle (Bertram, 1978).
Takeovers by outside males initiates a further transformation in the pride; within
the first month most larger cubs are evicted and cubs < 1 yr are lost to infanticide by the
incoming male(s) (Bertram, 1975; Bygott et al., 1979; Packer & Pusey, 1983a). Because
males do not retain a pride for more than a few years, they risk producing fewer offspring
by allowing another male’s cubs to reach 1.5 – 2 yr (Bertram, 1978). Males of other
species including hanuman langurs (Presbytis entellus) (Hrdy, 1974) and collared
lemmings (Dicrostonyx groenlandicus) (Mallory & Brooks, 1980, 1978) utilize
infanticide as a reproductive strategy to ensure reproductive fitness (Ebensperger, 1998).
Even though she would likely produce fewer total offspring (Bertram, 1978) and at great
potential cost, some females have teamed up to defend their cubs from new males, mated
during pregnancy, or left the pride to defend their offspring and preserve their
reproductive effort (Packer & Pusey, 1983a; Clutton-Brock, Albon & Guinness, 1989).
Females that lose their cubs in association with a takeover breed with the new male(s)
within weeks (Schaller, 1972; Packer & Pusey, 1983b), but experience lower than
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average fertility (Packer & Pusey, 1983a, 1983b) for approximately 4 mo (0.3 yr)
(Bertram, 1975). Yet, from a male’s perspective, a female giving birth, on average, 9 – 11
mo (0.8 – 0.9 yr) after losing cubs to infanticide is favorable in comparison to the median
19 – 20 mo (1.6 – 1.7 yr) birth interval (Bertram, 1975, 1978).
Reproductive Biology in the African lion
Lions are polyestrous non-seasonal breeders; births have been recorded yearround in the wild (Schaller, 1972; Rudnai, 1973; Bertram, 1975; Smuts et al., 1980;
Smuts, 1982) and in captivity (Cooper, 1942; Eaton & York, 1971; Pfaff, 2014) at a large
range of latitudes and average daily temperatures. Litters range from one to six cubs, and
each female will have a litter every two years if she is able to rear her young to
adolescence (Packer & Pusey, 1983a). The average age when females give birth to their
first litter is 4.1 yr (range: 3.6 – 4.5 yr) (Smuts et al., 1978) and the latest at 15 yr
(Guggisberg, 1961). Synchrony in estrous cycles (Schaller, 1972; Bertram, 1975) and
births (Schaller, 1972; Bertram, 1975; Packer & Pusey, 1983b) has been observed within
females of the same pride, but not across prides in the same region (Bertram, 1975). It’s
postulated that the proximity to pheromones of cycling females could be the cause of
estrous synchrony. However, the evidence of pheromones is lacking (Clarke, Henzi &
Barrett, 2012). Rather, synchrony in lions may be a result of takeovers and infanticide
resetting the reproductive cycles of several females at once (Packer & Pusey, 1983a).
There is no distinct hierarchy among pride females and all females have equal
opportunity to breed and reproduce (Bertram, 1975; Smuts, 1982), unlike other groupliving species like African wild dogs (Lycaon pictus) (Creel et al., 1997; Van den Berghe
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et al., 2012), dwarf mongooses (Helogale parvula) (Creel et al., 1992) and naked mole
rats (Heterocephalus glaber) (Senger, 2003). Adult females often raise their offspring
communally and lactating individuals will allow non-offspring nursing (Bertram, 1978;
Packer, Lewis & Pusey, 1992).
Typically, only a resident male will breed with pride females. When a female is in
estrus the male will remain near her and guard her from others (Bertram, 1978; Packer &
Pusey, 1982), breeding up to 300 times each estrous cycle (Bertram, 1978), each session
lasting on average 38 s (range 8 – 154 s) (Cooper, 1942; Schaller, 1972; Rudnai, 1973)
with a frequency of every 17 – 25 min (Rudnai, 1973; Packer & Pusey, 1982). Males in
several species participate in mate guarding, including elephant seals (Mirounga ssp) (Le
Boeuf, 1974), African elephants (Poole, 1989) and western Mexican whiptail lizards
(Aspidoscelis costata) (Ancona, Drummond & Zaldívar-Rae, 2010). Males within
coalitions don’t usually fight over a female in estrus; other males concede to the first
male to breed with a female (Bertram, 1978). However, females will breed with more
than one male during an estrus event (Bygott et al., 1979; Packer & Pusey, 1982).
Incidences of nomadic males breeding with pride females are rare and are most often
initiated by the female (Bertram, 1978).
Compared to female lions, the reproductive lifespan of wild males is truncated
(Bertram, 1975, 1978). Male coalitions of 3 or more have a longer reproductive lifespan
by retaining a pride for a longer period and can increase each individual’s fitness by
producing more offspring (Bygott et al., 1979). Once a resident male or coalition has lost
tenure, it is unlikely they will attain control over another pride and rarely will have the
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chance to breed again before their death (Bertram, 1978). After leaving their pride, male
lions become nomadic again (Bertram, 1978) and may form coalitions and hunt
cooperatively (Bygott et al., 1979); as nomads, these older males infrequently live past 8
yr (Bertram, 1978). In comparison, females frequently live and reproduce through at least
12 – 16 yr and will remain with the pride until their death (Bertram, 1978; Smuts, 1982;
Packer & Pusey, 1983a; Packer, Tatar & Collins, 1998). An extremely old wild male, 16
yr, in poor physical condition was spermic, indicating that reproductive capability is not
reduced with advanced age (Smuts et al., 1978). In captivity, management of males
reduces competition for prides and therefore extends their reproductive life and
reproductive viability; males have produced cubs through age 15+ (Bertram, 1978; Pfaff,
2014).
Ex Situ Management
It is estimated that 750 lions are held in captivity globally (Sunquist & Sunquist, 2002).
Historically, compared to other felids (Sankhala, 1967; Rowlands & Sadleir, 1968;
Mellen, 1991; Marker-Kraus & Grisham, 1993; Fazio, 2010), lions were highly
successful at reproducing in captivity (Steyn, 1951; Smuts, 1982; Shoemaker & Pfaff,
1997). Furthermore, their polygamous mating strategy permits transfers among facilities
for breeding recommendations without hindering their reproductive potential (AZA Lion
Species Survival Plan, 2012). In captivity, lions can live more than 20 yr (Shoemaker &
Pfaff, 1997) and while males can reproduce throughout their lifetime, females are not
bred after 14 – 15 yr to prevent the unnecessary physiologic demands of pregnancy on
older individuals.
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The captive African lion population in North America is managed by the Species
Survival Plan (SSP) as one species, Panthera leo leo, as proposed by current genomic
research (Dubach et al., 2005). The SSP oversees husbandry and breeding with a goal of
maintaining more than 300 animals over the next 100 years while conserving 90%
genetic diversity. Currently, 93% genetic diversity (estimated) is possible within the
captive North American population (AZA Lion Species Survival Plan, 2012). As a
prerequisite to breed lions, North American zoos must be able to house cubs for at least
two years and facility infrastructure must support several housing options to separate
individuals as needed (AZA Lion Species Survival Plan, 2012). In the 1990s, the SSP
instituted a moratorium on breeding due to a deficit in available housing because the
captive population had become so large. At the same time, 18 founders from South Africa
were added to the population (Fouraker, Wagener & Wiese, 1998; Daigle et al., 2015).
When the moratorium was lifted for pedigreed animals in 1998, a 6-year period of low
fecundity followed. The SSP and Smithsonian Conservation Biology Institute (SCBI)
collaborated to identify any possible factors impacting reproduction.
Energy and intake requirements have been determined for all stages of growth,
maintenance and reproduction in captive lions. Cub growth rate (average daily gain
(ADG)) and weight measurements are monitored by staff and/or nutritionists at many
zoos. Growth curves of wild and captive lion cubs estimated the greatest ADG for female
and male lions to be at 10 and 11 mo of age, respectively. It is estimated that wild lion
cub growth rate is only 60% of that achieved in their captive counterparts, meaning that
captive individuals reach adult weight quicker (Smuts et al., 1980). Based on skull
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dimensions (Smuts et al., 1980) and mane size (Patterson et al., 2006), lions are larger in
captivity in comparison to wild individuals. This is attributed to a better plane of
nutrition. In captivity, lions are fed a combination of whole carcass, commercial meat
mixtures specific to carnivores, bones and muscle meat, supplemented with appropriate
vitamins, minerals and amino acids (AZA Lion Species Survival Plan, 2012).
Specifically, taurine, an essential amino acid compound, must be provided to felids
through diet (National Research Council, 1986). A body condition scoring (BCS) system
ranks lions 1 – 9 on a degree of fatness with a recommended goal of maintaining each
animal at a moderate score (4 – 6). The average wild lion BCS is 4 (range: 2.5 – 5.25)
(AZA Lion Species Survival Plan, 2012). Reproductive success and longevity can be
compromised when felids are maintained at more extreme BCSs (LaFlamme, 2005).
Therefore, weight and BCS are evaluated frequently and diet adjusted accordingly (AZA
Lion Species Survival Plan, 2012). Obesity is common in captive lions (Zoran, 2002)
although a recent survey found the majority of female lions managed within the SSP were
rated at an optimal BCS (Daigle et al., 2015).
A majority of female lions in captivity have been contracepted at some point.
Popular contraceptives included synthetic progestin implant melengestrol acetate (MGA)
and depot injection medroxyprogesterone acetate (MPA) (Asa, 2005a). Some females
developed uterine pathologies and other maladies which were attributed to the treatments
and the implants fell out of favor (Munson et al., 2002). Currently, the GnRH-agonist
lipid-matrix implant, Suprelorin (deslorelin acetate), is most frequently used. However,
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reversal of this treatment is unpredictable; it is not easily removed and only the minimum
efficacy duration is known.

Reproductive Endocrinology
In mammals, the hypothalamic-pituitary-gonadal (HPG) axis is responsible for
activating and maintaining reproductive function. Gonadotropin-releasing hormone
(GnRH), produced the hypothalamus, initiates the generation of two gonadotropins:
follicle stimulating hormone (FSH) and luteinizing hormone (LH) by the anterior lobe of
the pituitary (Meachem & McLachlan, 2003). These protein hormones are essential in
steroid hormone production and the development of gametes in both males and females
(Miller, 2003; Senger, 2003). Environmental factors, internal (endocrine and paracrine)
and external (photoperiod, auditory and olfactory cues), influence the release of GnRH
from the hypothalamus (Senger, 2003; Norris, 2007). The hypothalamus is sensitive to
steroid hormone concentrations; positive and negative feedback loops involving said
hormones mediate the release of GnRH (Senger, 2003; Norris, 2007).
Hormonal Control of Male Reproduction
Cells responsible for sex steroid hormone and gamete production are located
within the lining of seminiferous tubules in the testis (Miller, 2003; Senger, 2003).
Luteinizing hormone stimulates Leydig cells to produce testosterone which is essential
for normal sperm production and fertility. Testosterone down-regulates GnRH production
by the hypothalamus (Meachem & McLachlan, 2003; Senger, 2003; Shupnik, 2003).
Circulating testosterone fluctuates throughout the day, peaking in the morning in most
mammals, a result of pulsatile secretion of GnRH from the hypothalamus (Norris, 2007).
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The fluctuations in the concentrations of GnRH, FSH and LH, and testosterone follow a
temporal pattern which permits the continued cascading cycle as low testosterone
production removes the negative feedback effect (Senger, 2003). Follicle-stimulating
hormone binds to receptors on Sertoli cells within the tubules, stimulating them to nurture
the maturation of sperm cells during spermatogenesis (Senger, 2003). Another function
of the Sertoli cells is to produce inhibin, which inhibits FSH, but not LH, secretion from
the anterior pituitary (Welsh Jr., Kemper-Green & Livingston, 1998). Testosterone is
converted to dihydrotestosterone (DHT) by the Sertoli cells to aid in sperm maturation
(Bhasin, 2003; Senger, 2003). Additionally, testosterone binds with receptors on target
tissues to promote secondary sexual characteristics such as increased muscle mass and
hair production (Bhasin, 1998).
Hormonal Control of Female Reproduction
The estrous cycle in felids consists of four phases: proestrus, estrus, diestrus and
anestrus (Wildt, Brown & Swanson, 1998). Proestrus lasts approximately 1 – 2 days (d)
when follicles are present on the ovary and estrogen concentration increases (Senger,
2003). Estrus is associated with progressive maturation of follicles and peak estrogen
concentrations and females become receptive to mounting and copulation. If ovulation
occurs, the female enters diestrus, an extended period of elevated progesterone
concentration called a luteal phase, governed by one or more corpora lutea (CL) (Wildt et
al., 1998; Norris, 2007; Brown, 2011). Without an LH surge, females enter anestrus when
follicles become atretic and estrogen returns to baseline concentrations (Wildt et al.,
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1998; Senger, 2003). The duration of anestrus, or interestrus, varies by species and within
individual (Brown et al., 1996b; Wildt et al., 1998).
Follicular Phase
In females, FSH promotes the growth of follicles on the ovary, the primary
structure(s) on the ovary during proestrus and estrus. Follicles produce inhibin in addition
to estrogen (Senger, 2003; Norris, 2007) while progesterone remains at basal
concentrations (Niswender et al., 2000). Although estrogen up-regulates the
hypothalamus to generate more GnRH and therefore more LH and FSH, inhibin exerts a
negative feedback on FSH production. A decrease in FSH functions to limit the number
of maturing follicles, but does not impact the continued growth of the dominant follicle(s)
already in development. Females in estrus may show behavioral signs such as lordosis,
rolling and increased vocalizations (Wildt et al., 1998; Senger, 2003). Though increasing
estrogen typically promotes behavioral estrus, the presence of such actions is not
obligatory. Occurrences of silent estrus have been documented in several domestic
species (Swanson, Hafs & Morrow, 1972; Mavrogenis & Robison, 1976; Nelson et al.,
1985; Foster et al., 1986; Haldar & Prakash, 2005; Awasthi et al., 2007), and some felids
including cheetahs (Acinonyx jubatus) (Wildt et al., 1981b) and Arabian leopards
(Panthera pardus nimr) (de Haas van Dorsser et al., 2007). When follicles fully mature,
estrogen reaches threshold concentrations that stimulates a surge of GnRH secretion and
subsequently in LH production (Senger, 2003). The abundance of LH induces ovulation,
causing the follicle(s) to rupture and release the oocyte(s) (Senger, 2003).
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Most felids are considered induced ovulators, where tactile stimulation from
repeated breeding is required to generate a pre-ovulatory LH surge (Wildt et al., 1998;
Brown, 2011). Strict induced-ovulator felids include: cheetahs, ocelots (Leopardus
pardalis), snow leopards (Panthera uncia) and tigers (Panthera tigris), (Brown, 2011). In
comparison, spontaneous ovulation is a result of changes in hormone concentrations in
absence of stimulus (Senger, 2003); species which experience spontaneous ovulation
include: women, domestic cattle (Bos taurus) and horses (Equus caballus) (Senger,
2003). Some felids including clouded leopards (Neofelis nebulosa), margays (Leopardus
wiedii) and domestic cats (Felis catus) regularly spontaneously ovulate while others
including fishing cats (Prionailurus viverrinus), leopards and African lions occasionally
spontaneously ovulate (Brown, 2011). The ovulation system is variable by species;
animals within the same genus experience different modes of ovulation (Brown, 2011).
Luteal Phase
The sharp rise in LH that triggers ovulation also causes luteinization of the
remaining follicular cells to form a corpus luteum (Senger, 2003; Shupnik, 2003).
Corpora lutea (CL) are the dominant structures on the ovary during diestrus and are
primarily responsible for progesterone production. Generally, the number of CL
corresponds to the number of ovulation sites and in polytocous species several follicles
ovulate resulting in several CL (Senger, 2003). Ovulation marks in a decline in estrogen
production with a coinciding rise in progesterone (Paape et al., 1975; Verhage, Beamer &
Brenner, 1976; Wildt et al., 1981a). Progesterone down-regulates GnRH, decreasing FSH
and LH secretion and suppresses follicular development (Senger, 2003).
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In addition to progesterone, the CL produces oxytocin, a hormone that stimulates
the production of prostaglandin F2α (PGF2α) by the uterus. Prostaglandin F2α causes the
irreversible degradation of the CL (Senger, 2003). In the beginning of a luteal phase,
progesterone inhibits the development of uterine oxytocin receptors. However, at some
point progesterone becomes unable to prevent the formation of oxytocin receptors,
though the mechanism is still unknown (Catchpole, 1969; Senger, 2003). Prostaglandin
F2α is secreted in pulses which become more frequent near the end of the luteal phase. A
distinct number of PGF2α pulses in a short time frame are required for complete lysis of
the CL at the conclusion of diestrus (Senger, 2003).
If an individual experiences a non-pregnant luteal phase (NPLP), the duration of
elevated progesterone is 1/3 – 2/3 the length of a pregnancy before declining to baseline
concentrations (Verhage et al., 1976; Wildt et al., 1998; Brown, 2011), a result of CL
luteolysis by PGF2α (Senger, 2003). The concentration of progesterone differs between
pregnant luteal phase (PLP) and NPLP in domestic cats (Verhage et al., 1976) and goats
(Capra aegagrus hircus) (Kornalijnslijper et al., 1997), while no difference in luteal
progesterone concentration exists in other species such as domestic ferrets (Mustela
putorius furo) (Heap & Hammond, 1974) and dogs (Smith & McDonald, 1974).
During a PLP, progesterone concentrations must remain elevated throughout its
duration. Maternal recognition of pregnancy is required to prevent luteolysis. Increased
production of prolactin, a luteotrophic hormone, is believed to sustain luteal function past
the length of a NPLP in domestic cats, dogs (Concannon & Verstegen, 1998), cows and
pigs (Ott, 1998). In contrast, the placenta in horses and sheep produces adequate
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concentrations of progesterone in the second half of pregnancy where the maintenance of
a CL is not required (Ott, 1998). Progesterone concentration peaks at mid-gestation in
felids, declines slowly and reaches baseline at or soon after parturition (Verhage et al.,
1976; Wildt et al., 1998). In the latter half of gestation in felids, estrogen concentrations
increase in some species, such as the domestic cat, Pallas’ cat (Otocolobus manul), and
fishing cat while the concentration of estrogens in tigers and clouded leopards remains
basal (Brown et al., 1996b). Additionally, estradiol concentrations commonly fluctuate
during luteal phases in felids, demonstrating waves of follicular development. These
examples indicate that progesterone does not completely down-regulate FSH secretion in
felids (Wildt et al., 1998).
Parturition is initiated by the fetus, which becomes stressed at the end of
gestation. Fetal glucocorticoids (GC) stimulate the production of PGF2α by the placenta
which causes the regression of the CL just prior to parturition (Concannon & Verstegen,
1998; Senger, 2003). The reduction in progesterone concentration removes the
“progesterone block” thus enabling uterine myometrial contractions required for
expulsion of the fetus (Senger, 2003).
Lactational Anestrus
Lactational anestrus occurs in most mammal species after parturition and is of
variable duration (Senger, 2003). Domestic cats can return to cycling soon after
parturition but in most instances resumption of estrus cycles occurs a few weeks after
weaning (Concannon & Verstegen, 1998) while domestic sows (Sus scrofa domesticus)
experience a complete lack of cyclicity during lactation (Senger, 2003). Additionally, the
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presence of young and repetitions of suckling can impact the length of anestrus (MukasaMugerwa, Tegegne & Franceschini, 1991; Senger, 2003). In Zebu cows (Bos indicus),
the removal of calves caused cows to resume cycling within 2 weeks compared to
females allowed continual access to nursing calves (19 weeks) and cows with access to
calves that were not allowed to nurse (10 weeks) (Mukasa-Mugerwa et al., 1991). Queens
will resume cycling approximately a week after losing a litter (Schmidt, Chakraborty &
Wildt, 1983; Concannon & Verstegen, 1998) and a clouded leopard resumed cycling
within 30 d of rejecting her cub (Brown et al., 1995).

Aging and Reproduction
Short-lived species such as lagamorphs and rodents reach reproductive maturity at
a few months of age and repeatedly produce large litters throughout adulthood (Senger,
2003). Comparatively, long-lived species may be reproductively immature for a decade
or more and typically bear single offspring with long inter-birth intervals (Freeman et al.,
2013). Some species reproduce throughout adulthood while others experience
reproductive senescence (Hirshfield & Flaws, 1998). Theoretically, a post-reproductive
life stage would allocate energy normally utilized for reproduction toward ensuring the
survival of offspring (Hirshfield & Flaws, 1998), particularly in matrilineal social
species. Examples of species where older females help to raise young and/or find
resources include African elephants (Freeman et al., 2013), lions (Packer et al., 1998) and
killer whales (Foote, 2008).
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Growth and Puberty
Puberty onset is characterized by the beginning of steroidogenesis and
gametogenesis. The hypothalamus must produce GnRH at the correct concentration and
timing to activate gonadotropin production by the anterior pituitary, causing the inception
of puberty (Senger, 2003). The duration of puberty is the interval in which the
interactions of the HPG axis are being formed (Senger, 2003); the gonads produce
sufficient steroid hormones to increase the size of reproductive organs and cause the
manifestation of secondary sexual characteristics (Donovan & van der Werff ten Bosch,
1965). Puberty has been completed when gametes can be released and the animal is
capable of all sexual behaviors and actions (Levasseur & Thibault, 1980; Senger, 2003).
However, when mammals reach reproductive potential is dependent on several
factors – the most critical is achieving a body size threshold (Levasseur & Thibault,
1980; Boulanouar et al., 1995; Norris, 2007), representative of aggregate body fat
reserves (Magni & Motta, 2003). Leptin, a protein hormone produced by adipocytes,
indicates adequate energy reserves to the hypothalamus and functions as an initiating
factor for puberty (Myers Jr., 2003; Norris, 2007). In mammals, under-nutrition defers
puberty onset but the consumption of extra food reverses the delay (Magni & Motta,
2003; Myers Jr., 2003). During extended periods of famine, the hypothalamic-pituitaryadrenal (HPA) axis is stimulated and high concentrations of glucocorticoids have been
linked to retarded growth rate and sex hormone production (Robson et al., 2002). Due to
a lack of knowledge, researchers are uncertain if early or delayed puberty onset has any
impact on reproductive health.
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Male Puberty
Leydig cells in the testes require LH to produce testosterone, the sex steroid
hormone required for spermatogenesis to commence (Meachem & McLachlan, 2003).
Baseline concentrations in circulating LH and testosterone rise as a male nears puberty
and sexual maturity (Chakraborty, Stuart & Brown, 1989). As a male matures, his testes
increase in volume into adulthood (Senger, 2003). The size of testes can be used to
approximate how many spermatozoa can be produced per unit time where larger size is
correlated with higher production, as seen in cattle (Senger, 2003) and African lions
(Brown et al., 1991). Spermatogenesis may commence before outward signs of puberty
onset are detectable (Nysom et al., 1994).
The development of dimorphic sexual characteristics (Ojeda et al., 2003), such as
increased muscle mass and mane growth in lions (Smuts et al., 1980) and increased
aggression are signs of rising testosterone production during puberty. Using field
observations, puberty in males is often marked by sexual behaviors such as mounting
(Bertram, 1975; Smuts et al., 1978).
Under-conditioned male mammals can exhibit slower testis growth and lower
sperm output (Foote, 1980). Conversely, while dairy bulls fed high energy diets during
growth, puberty and into adulthood produce larger ejaculates, they experience much
lower libido as adults (> 3 yr) (Flipse & Almquist, 1961). A similar manifestation was
observed in boars (Dutt & Barnhart, 1959). A decreased ability or interest in breeding is
not ideal in natural breeding situations. An increased plane of nutrition through puberty
and then a lower rate of gain immediately following puberty should maximize a male’s
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reproductive potential while preventing added fatness attributed to high energy diets
(Foote, 1980).
Female Puberty
Follicle stimulating hormone is critical to the start of puberty in females because
it initiates waves of follicular development. As females get closer to puberty, overall LH
concentrations increase and FSH concentrations decline (Swanson et al., 1972). The
onset of puberty in females can be difficult to pinpoint and various methods have been
employed. As the follicles grow and produce estrogen, behaviors associated with estrus
should be evident (Senger, 2003). In many species, these behaviors are utilized to denote
the onset of puberty in females, such as jaguars (Panthera onca) (Wildt et al., 1979). In
contrast, beef heifers are considered to reach puberty at first ovulatory estrus, determined
through monthly rectal palpations of the ovaries (Arije & Wiltbank, 1971) and heifers
may experience a few silent ovulations before estrus behaviors are observed (Swanson et
al., 1972). Through steroid hormone evaluation, the onset of puberty in female buffalo
heifers and hippopotamuses is considered the start of their first NPLP (Haldar & Prakash,
2005; Wheaton et al., 2006).
The use of weight to forecast the onset of puberty has been utilized frequently in
domestic species (Morrow, 1969; Senger, 2003). Research has determined the optimal
rate of daily weight gain for animals to arrive at a precise weight to induce puberty at a
precise age in several species. This perfected relationship between growth rate and plane
of nutrition in dairy and beef heifers causes a female to reach puberty at a size where the
animal can safely carry a pregnancy at the youngest age while not becoming over-
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conditioned (Senger, 2003), optimizing the reproductive and earning potential of each
individual. Similarly, captive-raised black-tailed fawns (Odocoileus hemionus
columbianus) are able to conceive at 5 – 6 mo whereas wild fawns were not able to
conceive until the following breeding season, > 1 yr (Mueller & Sadleir, 1979).
Prime Reproduction
Adult males and females both experience a period of maximum reproductive
potential between puberty and reproductive decline. In general, during puberty and old
age, males produce fewer sperm cells with a higher percentage of abnormalities
compared to those in their prime. Young and old females have lower rates of conception,
and produce smaller litters, compared to females of prime reproductive age (Dziuk,
1998). Additionally, in social species, females in this reproductive group can count on the
skills of elder, possibly-post reproductive females for additional support caring for young
and locating resources (Packer et al., 1998; Foote, 2008; Freeman et al., 2013). Males in
prime reproductive fitness typically do most of the breeding, examples include elephant
seals (Le Boeuf, 1974), elephants (Poole, 1989; Hollister-Smith et al., 2007) and lions
(Smuts et al., 1978; Bygott et al., 1979). They are able to outcompete less fit individuals
– generally younger and older animals – using their size and strength to do so.
Reproductive Senescence
Advancing age gradually decreases the functionality of most organ systems,
including the reproductive system (Hirshfield & Flaws, 1998). Aging causes changes
within reproductive and somatic cells which contribute to reduced reproductive output in
older animals (Blake, 1998). Age-related changes in organ system functionality may be
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linked to a species’ growth pattern. Some fish and reptile species demonstrate
indeterminate growth and are capable of regenerating lost or impaired functional units
such as neurons and alveoli (Hirshfield & Flaws, 1998). Comparatively, most mammals
reach and maintain a mature body size quickly and after maturation are unable to
supplant damaged system parts (Hirshfield & Flaws, 1998). A similar disparity exists
between the female reproductive systems of continuously growing reptiles and fish in
comparison to determinant-growth mammals. The former are capable of producing
oocytes, via mitotic division of oogonia, throughout adulthood (Hirshfield & Flaws,
1998) while the latter are born with a finite quantity of primordial ovarian follicles
(Senger, 2003).
Decreased reproductive capability has been evaluated through changes in gonad
tissue as well as hormone and gamete production. Yet, most wild mammals are capable
of reproducing throughout normal life expectancy (Hirshfield & Flaws, 1998), indicating
a sufficient ovarian follicle population in females and continued sperm cell production in
males.
Aging Males
Mean testosterone concentrations decrease with age in several species including
humans (Gray et al., 1991), roosters (Sarabia Fragoso et al., 2013) and black-footed
ferrets (Wolf et al., 2000). Also, a decline in sperm concentration is correlated with
elevated concentrations of FSH and LH in men (Johnson et al., 1984). Older male
murines, compared to younger counterparts, exhibited atrophied testes, degraded
seminiferous epithelium (Parkening, Collins & Au, 1988) and increased incidence of
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spontaneous genetic mutations during spermatogenesis (Walter et al., 1998).
Additionally, the testes of lab-housed, very old male mice (>33 mo) produced little to no
sperm cells (Tanemura et al., 1993). Yet, some mammals do not exhibit age-related
declines in steroid hormones. Male polar bear (Ursus maritimus) testosterone production
is similar throughout adulthood (Curry et al., 2012) and either remains constant (Johnson
& Thompson, 1983) or increases with age in stallions (Berndtson & Jones, 1989).
Aging Females
In mammals, subsets of primordial ovarian follicles are recruited during each
estrous cycle (Senger, 2003). Therefore, the total number of ovarian follicles decreases
with each estrous cycle. Further, human ovarian size significantly decreases each decade
after 30 yr from a maximum at 30 yr of 6.6 cm to 2.2 cm at 70 yr (Pavlik et al., 2000). In
many mammal species, estrous cycles become irregular and ultimately cease as fewer
follicles remain for recruitment (Blake, 1998). Women experience menopause when
approximately 1,000 follicles remain (Faddy et al., 1992). Limited or depleted follicle
availability lessens the ovarian response to FSH and LH. Subsequently, removal of
estrogen and progesterone’s feedback cause an increase in gonadotropin production
(Blake, 1998). In rats, the number of antral follicles during each proestrus is the same
between adults and older, irregularly cycling females. However, at estrus the number of
preovulatory follicles is decreased in older rats. (Peluso et al., 1979). Conversely, some
fish and reptiles show improved reproductive success with age, as clutches increase in
size (Hirshfield & Flaws, 1998).
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Other factors could be involved in decreased reproductive capability in older
females. For example, increased DNA fragmentation in mouse (Mus musculus) oocytes
collected from older animals likely contribute to their lower in vitro fertilization success
rate (Fujino et al., 1996). In cheetahs, uterine integrity decreased with age while ovarian
performance remained comparable across age groups (Crosier et al., 2011).
A lengthy post-reproductive life stage is seen in long-lived mammal species that
have an extended pre-pubertal phase, including humans (Faddy et al., 1992), pilot whales
(Globicephala macrorhynchus) (Marsh & Kasuya, 1986), killer whales (Orcinus orca)
(Foote, 2008) and African elephants (Freeman, Whyte & Brown, 2009; Freeman et al.,
2013). These species also have long inter-birth intervals and typically raise one offspring
at a time. Small mammals, such as mice and shrews (Sorex araneus), have high rates of
mortality in the wild and rarely live long enough to exhibit age-related reproductive
decline (Hirshfield & Flaws, 1998). They reach puberty quickly, reproduce often and
commonly rear large numbers of offspring (Dziuk, 1998).
Generally, captivity produces an atypical subpopulation of animals able to live to
an older age than their wild counterparts (Hirshfield & Flaws, 1998). As a result of
lowered mortality rates, captive individuals may survive long enough to undergo
reproductive senescence (Marsh & Kasuya, 1986).

Seasonality
Seasonality is an annual pattern of changes in reproductive capability (Senger,
2003). Seasonal fluctuations in gonadal hormones are documented in many mammalian
species; sometimes in both male and females of a species, such as white-tailed deer
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(Odocoileus virginianus), red foxes (Vulpus vulpes), and Syrian hamsters (Mesocricetus
auratus) (Goodman, 1998), while only in the females in other species including domestic
sheep (Senger, 2003) and armadillos (Dasypus novemcinctus) (Goodman, 1998). In
mammalian species that live at extreme latitudes, the degree of seasonality is high, as in
Pallas’ cats (Swanson, Brown & Wildt, 1996; Brown et al., 2002) and polar bears (Curry
et al., 2012; Stoops, MacKinnon & Roth, 2012) whereas species that live at moderate
latitudes generally exhibit longer periods of receptivity, such as clouded leopards (Brown
et al., 1995) and domestic horses (Senger, 2003). Housing individuals on a consistent
lighting cycle, instead of exposing them to natural photoperiods, can lessen or remove
seasonality, such as was seen in clouded leopards (Brown et al., 1995).

Contraception of Reproduction
Contraceptive measures are used to control the rate and timing of pregnancy and
offspring production. Most techniques can be employed in both free-living and captive
animals (Asa & Porton, 2005). Options for contraception have been developed for both
males and females; however, the majority of animals contracepted are females (Asa,
2005a). Methods of female contraception include: ovulation suppression (e.g. oral
progestin, GnRH-agonist implant), embryo implantation prevention (e.g. intra-uterine
device [IUD]), vaccination against molecules or hormones associated with reproduction
(e.g. GnRH vaccine) and sterilization (e.g. tubal ligation, hysterectomy). Each approach
to contraception has advantages and drawbacks in terms of safety and reversibility and
efficacy can vary by taxa (Asa & Porton, 2005; Kutzler & Wood, 2006). Also, short-term
utilization of contraceptives can induce estrus in several species, including domestic cows
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(Martinez et al., 2000) pigs (Uchida et al., 2001) maned wolves (Chrysocyon brachyurus)
(Johnson et al., 2011) and Eld’s deer (Monfort et al., 1993a).
Frequently, hormones and their analogues are used as contraceptives, primarily by
down-regulating the HPG axis. While both estrogens and androgens are effective
contraceptives, neither are ideal methods as they are linked to several serious side effects
including uterine pathologies, anemia and ovarian tumors with estrogens (Bowen et al.,
1988) and masculinization effects, increased aggression, and possibly uterine pathology
using androgens (Burke, 1975; Burke, Reynolds & Sokolowski, 1977). Furthermore,
Mibolerone, a synthetic androgen contraceptive, is not recommended for use in felids
because the dosage required for efficacy in domestic cats is toxic to the liver (Munson,
Moresco & Calle, 2005). Progestins are the most widely used hormonal contraceptives in
zoos (Asa, 2005a). This works by binding to progesterone receptors in the hypothalamus
which inhibits LH secretion and prevents ovulation; additionally, progestins restrict
gamete transport in the reproductive tract and hinder implantation (Brache et al., 1985).
Side effects observed in felids treated with progestin contraceptives include uterine
pathology, weight gain (Munson et al., 2002), masculinization in lions (Seal et al., 1976)
and adrenocortical suppression (Chastain, Graham & Nichols, 1981). Despite these side
effects, the progestin-based contraceptive implant melengestrol acetate (MGA) was the
most frequently used contraceptive in captive felids for 25 yr (Asa, Porton & Calle,
2005).
Gonadotropin-releasing hormone agonist and antagonist contraceptives were
developed to control the secretion of FSH and LH (Asa, 2005a). Agonists provide
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chronic GnRH overexposure on the pituitary while antagonists block GnRH from acting
on the pituitary. Antagonists have high affinity for GnRH receptors on gonadotropes,
obstructing the neurohormone from triggering gonadotropin secretion by the pituitary
(Inany & Aboulghar, 2002). They are ineffective as a long-term treatment option and are
more expensive than GnRH-agonists (Vickery et al., 1989). Comparatively, agonists
restrict receptor quantities in the pituitary and desensitizes gonadotropes through
overexposure of exogenous GnRH analogue (Inany & Aboulghar, 2002). Some agonists
allow long-term efficacy because the administration of treatment is in implant or depot
form (Asa, 2005a).
The duration of contraceptive effects are important in a zoo setting. Reproductive
output often needs to be managed for factors including the age of the animal, breeding
recommendations from the SSPs, health concerns and space availability for offspring.
Oral and solid-matrix implant contraceptive delivery systems are the easiest to control
because the effects of the hormone generally wears off quickly after treatment is stopped
or the implant is removed (Asa et al., 2005). Conversely, contraceptive depot injections
cannot be removed and lipid-matrix implants degrade and are difficult to remove. As a
result, these methods provide variable efficacy duration which can be detrimental to
breeding plans (Asa et al., 2005). Failed contraceptives in mixed-gender groups will
likely result in unscheduled reproduction while extremely lengthy contraceptive effects
can impair reproduction for the duration of an animal’s reproductive lifespan.
Consequently, a range of efficacy needs to be established through studies on each species
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treated. Animal management decisions should take efficacy and safety into account when
selecting a contraceptive treatment for their animals (Asa et al., 2005).

Adrenal Endocrinology
Stress is the biological response to the disturbance of an individual’s homeostasis
(Moberg, 2000). Real or perceived stressors can be physical or psychological and the
reaction to a stressor will vary by individual based on factors such as age, gender and
previous experience (McEwen, 1998; Welsh Jr. et al., 1998). Adrenal hormones alter
metabolism and regulatory pathways in response to stressors and after the stressor has
passed or has been resolved, the body must be able to inactivate the stress response
(McEwen, 1998). Frequent exposure to stressors or an inability to cope may compromise
the health of an individual or impact physiological processes such as reproduction (Welsh
Jr. et al., 1998).
Physiological changes to cope with stressors, such as increased respiration and
blood pressure, are facilitated by the hypothalamic-pituitary-adrenal (HPA) axis (Welsh
Jr. et al., 1998). Corticotropin-releasing hormone (CRH) is secreted by the hypothalamus
to stimulate the release of adrenocorticotropin (ACTH) by the anterior pituitary. In turn,
ACTH acts on the adrenal glands to produce glucocorticoids, specifically cortisol and
corticosterone (Allen, 2003). Glucocorticoids exert negative feedback on the HPA axis in
order to neutralize the physiological modifications of the stress response (McEwen,
1998).
Stressors including under-nutrition (Robson et al., 2002) and inappropriate
housing (Wielebnowski et al., 2002; Kinoshita et al., 2011) can negatively impact an
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individual’s reproductive fitness (Mellen, 1991; Robson et al., 2002). Glucocorticoids
may negatively impact reproductive function by down-regulating GnRH, LH and
possibly FSH production (Welsh Jr. et al., 1998). In cows and ewes, stress from
transportation impedes the pre-ovulatory LH surge and exogenous GnRH and estrogens
are unable to illicit a satisfactory LH response (Welsh Jr. et al., 1998). An injection of
ACTH will decrease testosterone production in rams and bulls by inhibiting the excretion
of LH. Yet, in most instances long-term elevated cortisol production does not negatively
impact sperm production (Welsh Jr. et al., 1998).
Not all stress has detrimental effects on an individual; situations such as novel
enrichment items, parturition and hunting trigger the production of glucocorticoids
(Liptrap, 1993). For example, while the glucocorticoid baseline is higher in dominant,
free-ranging African wild dogs, alpha animals still produce more offspring than lessstressed subordinates (Creel et al., 1997). Additionally, diurnal fluctuations in
glucocorticoids are observed in several mammal species (Holaday, Meyerhoff &
Natelson, 1977; Thun et al., 1981; Johnson & Malinowski, 1986; Monfort, Brown &
Wildt, 1993b).

Non-invasive Hormone Monitoring
Non-invasive hormone monitoring has become a useful tool in the wildlife
conservation toolbox for studying endocrinology and reproduction (Brown et al., 1997;
Brown & Wildt, 1997; Wildt et al., 2003). Gonadal and adrenal hormones are
metabolized by the liver and kidneys in preparation for excretion from the body. The
dominant route of excretion (feces versus urine) is consistent within species but can vary
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between even closely related species (Brown et al., 1994). Therefore, the validation of
hormone assays is necessary for each new species studied to accurately assess welfare
status and characterize reproductive events (Brown et al., 1997; Touma & Palme, 2005a;
Monfort, 2003). Behavioral and biological indicators can corroborate the endocrine
findings (Touma & Palme, 2005a; Brown, 2008).
Longitudinal sampling and analysis are essential to fully understanding the
reproductive biology and hormone profiles of a species (Brown et al., 1997). Utilizing
urine and feces enables such long-term studies in captive and free-living individuals
without repeated blood sampling (Lasley & Kirkpatrick, 1991; Schwarzenberger et al.,
1996) and are just as accurate when allotting a time lag for hormone metabolism and
excretion (Pukazhenthi & Wildt, 2004). Hormonal studies performed using blood
samples utilize few individuals and are generally short in duration (Monfort, 2003;
Brown, 2006). Obtaining frequent blood samples using anesthetics is expensive and may
not be safe for the animal over long-term while physical restraint is unrealistic in studies
of wild individuals (Lasley & Kirkpatrick, 1991; Schwarzenberger et al., 1996).
Furthermore, manual blood collections can increase glucocorticoid production (Säkkinen
et al., 2004) which adversely impacts other bodily systems.
Gonadal and adrenal steroid hormones have been assessed via non-invasive fecal
and urinary hormone monitoring in many species (Brown et al., 1997), including leopard
cats (Prionailurus bengalensis euptilurus) (Adachi et al., 2010), aoudads (Ammotragus
lervia) (Abáigar, Domené & Cassinello, 2012), African elephants (Ganswindt et al.,
2002) and pygmy rabbits (Brachylagus idahoensis) (Scarlata et al., 2011a). Hormonal
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analysis of excreta has been used to diagnose reproductive insufficiency and pregnancy,
observe seasonality patterns and puberty onset and to monitor husbandry and
management conditions in captive and free-living animals (Brown et al., 1997; Monfort,
2003).
Diurnal variation in steroid hormones occurs in many species, monitored in
serum, feces and urine (Halberg, Albrecht & Bittner, 1959; Thun et al., 1981; Monfort et
al., 1993b; Sousa & Ziegler, 1998; de Jong et al., 2001; Brambilla et al., 2008). Frequent
defecation, more common in smaller animals, provides a better resolution of the temporal
pattern of GC concentration (Touma, Palme & Sachser, 2004; Cavigelli, 2005; Palme et
al., 2005). Larger animals, including most carnivores, defecate less often and therefore
provide a more averaged hormone concentration (Touma & Palme, 2005b).
Results from steroid hormone analysis are applied toward the development of
assisted reproductive techniques (ARTs) such as artificial insemination (AI) and in vitro
fertilization (IVF) (Wildt & Roth, 1997; Monfort, 2003; Pukazhenthi & Wildt, 2004).
Without basic reproductive information such as estrous cyclicity and seasonality, these
propagation methods would not be successful (Brown et al., 1997). Additionally,
glucocorticoid analyses facilitate the evaluation of husbandry practices and overall
welfare which promote appropriate changes in management and policy (Wielebnowski et
al., 2002; Terio, Marker & Munson, 2004).

Study Aims
The study aims were to utilize non-invasive longitudinal fecal gonadal and
adrenal hormone monitoring to advance husbandry and management of African lions in
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captivity by providing a more complete picture of their basic reproductive biology. The
central questions of this research were to: (1) identify age and seasonality-related changes
in steroid hormone production, determine reproductive life history stages in captive lions,
evaluate hormone fluctuations during reproductive events such as estrus, breeding and
luteal phases, (2) observe the onset of reproductive capability in captive lions using
weight data, changes hormone concentrations and reproductive events in females and
weight data, sperm presence in urine samples, and variation in hormone concentrations in
males; and (3) provide hormonal verification of contraceptive effects in female lions.
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CHAPTER 2: CHARACTERIZATION OF GONADAL AND ADRENAL
STEROID PATTERNS IN MALE AFRICAN LIONS (PANTHERA LEO)

Abstract
A biomedical survey of male lions housed in U.S. zoos was initiated in 2007 to
identify the cause of poor reproduction in the population subsequent to an 8-year
breeding moratorium. Fecal androgen (FAM) and glucocorticoid (FGM) metabolites
were analyzed 1 – 2 times per week from 26 male lions at 18 institutions (0.9 – 16 yr of
age) for 3.8 mo – 2.5 years to assess longitudinal hormone patterns. In addition, body
weights were obtained ~monthly from 10 individuals at eight zoos (0.0 – 3.0 yr), and
urine were collected from six males at two facilities (1.2 – 6.3 yr) and evaluated for the
presence of spermatozoa. An increase in overall mean FAM occurred at 2.0 yr of age, at
which point concentrations remained similar throughout adulthood. The onset of puberty
occurred earlier in captive-born males (~1.2 yr of age) compared to wild-born
counterparts (~2.2 yr of age). Additionally, males in captivity gained an average of 7.3
kg/mo compared to 3.9 kg/mo for wild males over the first 2 – 2.5 yr of age. Spermaturia
was observed in males as young as 1.2 yr in captivity compared to 2.5 yr in the wild.
There was no effect of season on FAM across the age groups. Additionally there were no
differences in FGM concentrations with regards to age or season. Overall, this study
determined that androgen production in male lions after about a year of age is relatively
stable, and described a novel, non-invasive method of assessing the presence of
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spermatozoa in urine. It appears that captive males attain puberty at an earlier age than
wild counterparts, which was related to a more rapid growth rate. There was no indication
that impaired male reproductive function in the captive lion population after the
moratorium was due to impaired testicular steroidogenic activity.

Introduction
African lions (Panthera leo) have been kept in menageries and for public display
since the Roman era, and in the 21st century an estimated 750 lions were maintained in
captivity globally (Sunquist & Sunquist, 2002). In terms of reproduction, lions
historically bred well in captivity compared to other felids (Marker-Kraus & Grisham,
1993; Fazio, 2010) and as a result, little information has been published on lion
reproductive biology. Most studies are based on behavioral observations of wild lions
(Bertram, 1975; Packer & Pusey, 1983b); few included biological data (e.g., (Smuts et
al., 1980); (Brown et al., 1991). Consequently, little is known about the longitudinal
gonadal and adrenal hormonal patterns or how they are associated with the reproductive
life stages in male lions.
Lions are sexually dimorphic; adult males can weigh 50% more than adult
females and as males mature they grow a mane, a secondary sexual characteristic unique
to this species (Smuts et al., 1980) that is linked to androgen production (West & Packer,
2002). African lions are the only social felid; they live in groups of up to 18 related
females, 1 – 9 adult males, and their dependent offspring (Schaller, 1972; Packer &
Pusey, 1982; Brown et al., 1991; Grinnell, Packer & Pusey, 1995; Sunquist & Sunquist,
2002). Field-based research studies assign lions into reproductive life stages using
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behaviors and social dynamics; the average ages across these studies for wild male lions
are: cub (0 – 2.2 yr), subadult (2.2 – 4.5 yr), adult (4.5 – 10 yr) and aged (> 10 yr)
(Schaller, 1972; Smuts et al., 1978; Brown et al., 1991; Loveridge et al., 2007). Yet,
these distinctions are more a function of social structure and morphology than
reproductive capability. Using behaviors and dimorphic physiological changes, most
sources agree that puberty occurs in male cubs at or after 2.2 yr (26 mo) (Smuts et al.,
1980; Smuts, 1982) which corresponds to the approximate age that they are expelled
from their natal pride (Schaller, 1972; Rudnai, 1973; Bertram, 1975). Cohorts of
subadults are generally ejected from a pride at the same time and remain together
throughout their lifetime. It also is not uncommon for young, unrelated nomadic male
lions to form coalitions as they grow and mature. Adult singletons and coalitions then
attempt to gain tenure over a pride from the resident males (Schaller, 1972; Bertram,
1978), the average age of which is 6.5 yr (Smuts et al., 1978). Solitary males tend to have
shorter tenures within a pride, while coalitions manage to retain prides for more extended
periods (up to 3 – 4 yr) (Bertram, 1975; Packer & Pusey, 1982). When males lose a pride,
they become nomadic, typically lose body condition and breeding opportunities diminish.
By contrast, in most zoos male lions are managed in small prides and do not have to
compete with other males. Typically, between the ages of 1 yr and 3 yr, young lions are
sent to other zoos to fill future breeding recommendations with a goal of maintaining
>90% genetic diversity over 100 years (AZA Lion Species Survival Plan, 2012). The age
span of males that successfully bred in captivity ranges from < 2 yr to 15.1 yr (Pfaff,
2014). Because of declining wild lion populations (Bauer & van der Merwe, 2004; IUCN,
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2015), the possibility exists that captive insurance populations may be necessary to
conserve the species (Wildt et al., 2010; Schook et al., 2013).
Historically, African lions have bred relatively well in captivity (Steyn, 1951;
Smuts, 1982; Shoemaker & Pfaff, 1997), especially when compared to other felids
(Sankhala, 1967; Mellen, 1991; Marker-Kraus & Grisham, 1993; Fazio, 2010; Santymire
et al., 2011). As a result, reproduction has often exceeded available space. In one
instance, between ~1990 and 1998, the North American African Lion Species Survival
Plan (SSP) program instituted a breeding moratorium to better manage animal spaces, as
well as to remove African/Asiatic hybrids and individuals of unknown pedigree from the
breeding population. New founders were imported from Africa to bolster the genetics of
the population. However, after the moratorium was lifted in 1999, the captive population
experienced a 6-year period of low fecundity. The cause of his loss in fecundity was
unclear, so in 2007, the SSP requested a reproductive assessment of both male and female
lions, including gonadal and adrenal hormone activity, to determine underlying causes of
poor reproduction. This study aims to validate the use of fecal hormone monitoring in
male African lions to assess gonadal and adrenal steroid activity and advance husbandry
and management in captivity. The objectives of this study were to: 1) use longitudinal
non-invasive hormone monitoring to assess changes in steroid metabolite excretory
patterns as a function of age and body weight; 2) determine correlations between fecal
glucocorticoid and androgen concentrations; and 3) confirm spermatogenesis noninvasively through urinalysis.
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Materials and Methods
Ethics Statement
Animal-related protocols were conducted with the approval of the Smithsonian
National Zoological Park’s Animal Care and Use Committee and analogous committees
at the other participating facilities. Routine noninvasive collection of fecal and urine
samples did not affect the daily routine of animals used in this study.
Study Animals
Twenty six male African lions located at 20 AZA-accredited institutions, ranging
in age from <1 mo to 16.0 yr of age were included in the study (Table 1). On average,
animals were fasted <1 d/week and provided bones 1.5 d/week. Forty-four percent of the
population was fed solely horsemeat (Nebraska Brand, Central Nebraska Packing, Inc.,
North Platte, NE) while the remaining animals were fed either beef or a combination of
the two. All individuals had ad-libitum access to water. Furthermore, all animals in the
study were allowed daily outside access for at least 1 h, as long as temperatures remained
above freezing.
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Table 1. Demographics of male lions included this in study.

0.2 N
0.1 Y

N
N

173

13.0

13.8

9.6

1.5 N

Y

6.8
6.4
6.4

7.9
7.4
7.4

13.2
12.5
12.5

2.3 Y
2.3 N
2.3 N

Y
N
N

11.2
14.8
5.9
2.6

12.6
16.0
6.9
3.6

16.8
14.4
12
12

0.1
0.2
0.2
2.3

N
Y
Y
N

Y
Y
N
N

225

3.5

4.7

14.4

0.1 Y

N

148
64
Generic #2
215
331
334

9.6
11.3
7.1
1.6

10.7
11.6
8.1
4.0

13.2
3.8
12
28.8

0.1
0.2
1.0
0.2

Y
N
N
Y

128

6.3

6.7

4.8

0.1 N

Y

248

1.9

4.3

28.8

0.2 Y

N

6.3

409
411

1.0
0.9

2.0
1.8

12.2
10.7

3.6 N
3.6 N

N
N

412

0.9

1.8

10.7

3.6 N

N

1.5
1.4
1.4;
1.5

386
386*

1.5
1.9

1.9
2.6

4.8
8.4

1.2 N
0.1 N

N
N

Henry Vilas Zoo
Indianapolis Zoo
Knoxville Zoological Gardens
Lee Richardson Zoo
Milwaukee County Zoological
Gardens
North Carolina Zoological Park
Oklahoma City Zoo
Potawatomi Zoo
Riverbanks Zoological Park

Santa Barbara Zoological
Gardens
Smithsonian National
Zoological Park

Virginia Zoological Park
Wildlife Safari Inc

236
234
136
137
243
221
75
146
243ˠ

Y
N
N
Y

ˠSB243 transferred from Denver Zoo to Lee Richardson Zoo
*SB386 tranfserred from Virginia Zoological Park to Wildlife Safari, Inc
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Other pridemates

10.8
7.2

Collection duration (mo)

13.4
3.5

N
N

Age at end of sample collection (yr)

12.5
2.9

1.2
1.2

Age at start of sample collection (yr)

420
422
Generic #1
263

Other pridemates

SB

Birmingham Zoo

Proven breeder (Y/N)

Age at sample collection (yr)

Facility

Blank Park Zoo
Brookfield Zoological Park
Cheyenne Mountain Zoological
Park
Denver Zoological Gardens

Body weight
measurements
(N = 10)

Urinalysis
(N = 6)

Proven breeder (Y/N)

Behavioral observations (Y/N)

Other pridemates

Collection duration (mo)

Age at end of sample collection (yr)

Age at start of sample collection (yr)

Reproductive assessment
(N = 21)

2.3 0.1
2.3 0.1

1.4
1.4

14.9
14.9

2.3
2.3

0.0

1.1

12.7

3.3

0.0

1.3

15.5

4.6

0.0
0.0

2.5
2.5

30.2
29.8

2.5
2.5

Y

3.6 1.2

2.1

10.0

0.2

N
N

3.6 0.1
3.6 0.0

2.5
1.7

29.4
20.4

3.6
3.6

N

3.6 0.0

1.7

20.4

3.6

0.1

1.8

20.4

1.2

Sample Collection and Processing
Sample Collection
On average, fecal samples were collected 2x/wk for at least 3.8 mo and as long
as 2.5 yr (Table 1, N = 21) and frozen within 24 h in plastic zip-top bags. Behavioral
observations from keeper records were available for seven individuals housed with at
least one female during the study period. Six urine samples (>1 ml) for spermatozoal
assessment were aspirated from concrete flooring opportunistically from six male lions at
two facilities: a 6.3 yr proven male that served as a positive control; three ranging in age
from 1.4 – 1.5 yr; and pooled samples from a pair of siblings, 1.2 yr old. Urine samples
were placed in polypropylene tubes and frozen within 12 h of being voided. Body
weights of captive lions from < 1 mo – 30 mo were obtained at least monthly for 10
individuals at six institutions for at least 12 mo. Animals <4 mo of age were weighed
inside a pre-tared plastic tub on a platform scale; after 4 mo, they were weighed either on
a platform scale during training sessions or inside a squeeze cage. Weights from wildborn cubs ranging in age from <1 mo – 30 mo were derived from data collected in the
Kruger National Park, South Africa (Smuts et al., 1980; Tummers, 2006).
Fecal Processing and Steroid Hormone Extraction
Fecal samples were processed and hormone metabolites extracted as previously
described (Brown, Terio & Graham, 1996a). Briefly, samples were dried in a lyophilizer
(VirTis Ultra 35XL, SP Scientific, Warminster, PA), powdered, sifted, and 0.20 ± 0.02g
was weighed into 16x125 mm glass tubes (Fisherbrand, Thermo Fisher, Pittsburgh, PA).
Five mL of 90% ethanol:10% de-ionized water was added to each sample along with
~20,000 dpm 3H–cortisol tracer (NEN Radiochemicals, Perkin Elmer, Boston, MA) to
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determine procedural loss. For 20 min, samples were boiled in a 95°C waterbath and
maintained at a 5 mL volume with the addition of 100% ethanol as needed. Samples were
then centrifuged at 500 x g for 20 min (Sorval RC 3C Plus, Kendro Laboratory Products,
Newtown, CT), the supernatant recovered and 5 mL of 90% ethanol:10% de-ionized
water added to the pellet, which was vortexed (pulse rate 1/s, speed 65; Glas-Col, Terre
Haute, IN) for 30 s. Samples were centrifuged (15 min, 500 x g), and the supernatants
combined and dried down under forced air. One mL of 100% methanol was then added to
dried sample extracts, evaporated to dryness, and reconstituted in 1 mL of preservativefree buffer (0.2 M NaH2PO4, #S8282; 0.2 M Na2HPO4, #S7907, Sigma Aldrich, St.
Louis, MO; 0.15 M NaCl, #S271, Fisherbrand; pH 7.0). After vortexing for 15 s, samples
were placed in an ultrasonic cleaner water bath (Cole Parmer Instrument Company,
Vernon Hills, IL) for 15 min. Sample extracts were further diluted in buffer as needed:
1:10 – 1:50 for glucocorticoids and 1:50 – 1:250 for androgens. All sample extracts and
dilutions were stored in polypropylene tubes at -20 °C until analysis. Average recovery of
the 3H-cortisol tracer was 82 ± 0.26 % (mean ± standard error of the mean (SE)).
Urine Processing and Evaluation
Sample processing and evaluation was modified from human protocols (Hirsch et
al., 1985; Kulin et al., 1989). Briefly, urine samples were thawed at RT and 1 mL
aliquots were spun at 1100 x g for 7 min (MiniSpin Plus, Eppendorf North America,
Hauppauge, NY). After centrifugation, the supernatant was aspirated and < 0.01 mL of
the pellet was examined under 400x magnification (Olympus BH2 microscope, Olympus
Corporation, Center Valley, PA) for the presence of spermatozoa. Each pellet was
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analyzed a maximum of three times for the presence of sperm, after which if no
spermatozoa were observed, the sample was categorized as sperm negative.
Steroid Hormone Analysis
Single-antibody enzyme immunoassays (EIAs) (Dloniak, 2004), utilizing
polyclonal antibodies to testosterone (R156/157) and cortisol (R4866; C.J. Munro,
University of California, Davis, CA) and the corresponding horseradish peroxidase
ligands (lot: 2005/2006, SCBI, Front Royal, VA) were used to measure fecal androgen
(FAM) and fecal glucocorticoid (FGM) metabolites, respectively. The cross-reactivities
for R156/157 were: testosterone 100.0 %, 5a-dihydrotestosterone 57.4 % and all other
compounds cross-react with the antibody < 1.0 % (C.J. Munro, personal communication).
The cross-reactivities for R4866 were: cortisol 100.0 %, prednisolone 9.9 %, prednisone
6.3 %, cortisone 5.0 %; all other compounds cross-react with the antibody < 1.0 %
(Young, Brown & Goodrowe, 2001). The standard curve ranges were: testosterone: 0.47
– 12.00 ng/mL; cortisol: 0.78 – 20.00 ng/mL. Briefly, antibodies in a coating buffer
(0.015 M Na2CO3, #S2127; 0.035 M NaHCO3, #S8875, Sigma Aldrich, St. Louis, MO;
pH 9.6) were adsorbed to flat-bottomed, high-binding 96-well microtitre plates (NuncImmuno, Thermo Fisher) and incubated ≥ 8 h at 4°C. The plates were washed five times
(0.05% Tween 20, #P1379, Sigma Aldrich; in 0.15 M NaCl solution) followed by the
addition of 0.05 mL standard (testosterone: #46923; hydrocortisone: #H4001, Sigma
Aldrich), internal control or diluted sample in duplicate, and then 0.05 mL horseradish
peroxidase solution. Plates were washed five times after an incubation of 2 h for
testosterone and 1 h for cortisol at RT, and 0.1 mL ABTS solution (0.04 M ABTS
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diammonium salt, #0400, Amresco, Solon, OH; 0.5 M H2O2 #BP2633, Fisherbrand, in
0.05 M citric acid buffer, #C0759, Sigma Aldrich; pH 4.0) was added to each well. All
EIAs were read on a microplate reader (MRX, Dynex Technologies, Chantilly, VA) at
405 nm (ref. 490 nm) when the optical density (OD) of the 0.00 ng/mL standard was
~1.00 (range 0.90 – 1.10). Data are reported as µg/g dry feces. The intra-assay
coefficients of variation (CV) between duplicates for all samples were <10 %. Inter-assay
CV for two (high and low concentration) internal controls were monitored on each assay.
The CVs of the controls were: testosterone: 8.9% and 10.8% (n = 100); and cortisol:
5.5% and 10.2% (n = 113).
Hormone Assay Validations
Enzyme immunoassays were validated by demonstrating: 1) parallelism between
standard curves and serially diluted fecal extracts; 2) recovery of hormone standard added
to fecal extracts; and 3) correlation of hormone data with physiological events. Two-fold
serial dilutions of samples were parallel to the standard curve for each EIA. For
testosterone, the slopes of the standards and the sample dilutions were -12.18 and -13.82,
respectively (r = 0.99) and for cortisol, the slopes of the standards and the sample
dilutions were -11.47 and -11.66, respectively; (r = 0.99). For testosterone, the slope of
hormone recovery was y = 0.82x + 4.69 (r = 0.99) when exogenous steroid was added to
pooled fecal extract diluted 1:50. The slope of cortisol added to pooled fecal extracts
(diluted 1:10) was y = 1.13x + 2.85 (r = 0.99). For the testosterone EIA, mane growth, a
secondary sexual characteristic associated with increasing testosterone production (West
& Packer, 2002), was correlated with increases in FAM in one male (Appendix I). To
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validate the FGM EIA, FGM was measured in a male the exhibited lethargy and
urinemia. Fecal FGM in samples collected over 2 weeks prior to the onset of symptoms
(0.29 ± 0.04 µg/g; N = 6) and the 2 weeks after symptoms resolved (0.28 ± 0.02 µg/g; N
= 6) were lower than the average FGM concentration during the duration of the illness
(0.41 ± 0.02; N = 8; F2,17 = 8.75 P = 0.002; Tukey, before: P = 0.01 and after: P = 0.005
treatment).
High Pressure Liquid Chromatography (HPLC)
High pressure liquid chromatography (Varian ProStar; Varian Analytical
Instruments, Lexington, MA) of pooled fecal extracts was performed to characterize
steroid hormone metabolites similar to that described previously (Staley et al., 2007).
Briefly, six fecal samples were extracted and the supernatants pooled, dried down,
reconstituted in 1 mL methanol, passed through a 0.2 µm filter and dried under forced air.
The pooled extract was reconstituted in 0.5 mL PBS (0.03 M Na2HPO4, 0.02 M
NaH2PO4, 0.15 M NaCl, 0.002 M NaN3, #S2002, Sigma Aldrich; pH: 5.0), filtered
through a C18 Spice cartridge (#01-10, Analtech Inc., Newark, DE), and evaporated to
dryness. Approximately 14,000 dpm of radioactive tracers (3H-testosterone, 3H-cortisol
and 3H-corticosterone) were added to the appropriate pooled sample as chromatographic
markers and dried again. The extract was reconstituted in 0.3 mL methanol, sonicated for
5 min, and 0.05 mL was loaded onto a reverse-phase C18 HPLC column (Agilent
Technologies, Santa Clara, CA). For testosterone, the sample was separated using a 45%
isocratic acetonitrile:water solution over 80 min (1 mL/min flow rate, 0.33 mL fractions).
For cortisol, the sample was separated using a 20 – 80% linear gradient of
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methanol:water over 80 min (1 mL/min flow rate, 1 mL fractions). A multi-purpose βradiation scintillation counter (LS 6500, Beckman Coulter, Brea, CA) was used to
evaluate a 0.05 mL aliquot of each fraction; the remaining volume of each fraction was
dried and resuspended in 0.25 mL preservative-free phosphate buffer. Each fraction was
then analyzed in singlet using the appropriate EIA and the retention times of
chromatographic standards and immunologic activity were compared.
Data Analyses
An iterative process was utilized to determine baseline concentrations for steroid
hormones in all study animals individually (Moreira et al., 2001). Briefly, data were
deleted if the concentration was greater than 2 times the standard deviation (SD) above
the mean. This process was replicated until no further data points could be removed. The
resulting mean was considered the baseline concentration for that hormone and data
points greater than 2 SD above the mean were regarded as peak concentrations.
For individual study animals, FAM and FGM hormone data were calculated for
overall, baseline and peak means (µg/g dry feces ± SE). Males were divided into five
reproductive life stage age groups: peripubertal, 0.91 – 1.99 yr (n = 5); subadult, 2 – 2.99
yr (n = 5); adult, 3 – 10.99 yr (n = 12); and aged, > 11 yr (n = 5). In instances where the
data for an individual spanned more than one age group, separate values were calculated
for each age group. Repeated measures analysis of covariance (ANCOVA) utilizing
compound symmetry covariance matrix structure and Tukey multiple mean comparison
tests established the differences in FAM and FGM concentrations among age groups and
across seasons. Correlations between samples with peak FAM and FGM concentrations
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were determined using Chi-square tests; analyses were performed on all data, by age
group, and within individual.
To analyze for seasonality, only one complete year was utilized for animals with
more than 1 year of sample collections. The dates for each of the seasons are as follows:
Spring, March 21 – June 20; Summer, June 21 – September 20; Fall, September 21 –
December 20; and Winter, December 21 – March 20. Individual mean and baseline
hormone concentrations were calculated for each season and then seasons were averaged
by age group to obtain a final mean for seasonality.
Body weights of wild lion cubs in Kruger National Park were obtained from
previously published data (Smuts et al., 1980; Tummers, 2006) and averaged by month,
as were body weight measurements from zoo-born cubs. Monthly differences in body
weight between locations were calculated using ANCOVA with Tukey multiple mean
comparison tests. Linear regression slopes were calculated for the overall weights of wild
and captive cubs.
A P < 0.05 α-level was used to determine significance. In analyses where
individual animals were repeatedly sampled, analyses were blocked by individual or
calculated with repeated measures and the statistical tests were operated with the
Kenward-Roger degrees of freedom method. Analyses were conducted using SAS v. 9.3
(SAS Institute Inc., Cary, NC, USA).
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Results
HPLC
The majority of immunoactivity in fractions evaluated using the testosterone EIA
was present in fraction 12, and no activity was associated with the radioactive
testosterone tracer (fraction 32). Analysis of fractions using the cortisol EIA indicated
80% of immunoactivity was at fraction 40, with a smaller peak (20%) observed at
fraction 45, corresponding to the retention times of 3H-labeled cortisol (fractions 40 – 41)
and corticosterone (fractions 45 – 46), respectively.
Reproductive and Adrenal Hormone Patterns
There was a difference in overall mean (F3,16.6 = 8.25 P < 0.01), baseline (F3,10.8 =
9.71 P < 0.01) and peak (F3,10.7 = 5.83 P = 0.01) FAM concentrations among the age
groups (Table 2). The overall mean FAM concentrations were similar among subadult,
adult and aged groups (Tukey, subadult and adult: P = 0.99; subadult and aged: P = 0.36;
adult and aged: P = 0.13), while the peripubertal group was consistently lower than the
others (Tukey, peripubertal and subadult: P = 0.02; peripubertal and adult; P = 0.01;
peripubertal and aged: P < 0.001). Peripubertal baseline FAM was lower than all other
age groups (Tukey, peripubertal and subadult: P = 0.03; peripubertal and adult: P = 0.01;
peripubertal and aged: P = 0.001), the subadults were lower than the aged group (Tukey,
P = 0.03), yet the subadult and adult and the adult and aged age groups were similar
(Tukey, P = 0.79 and P = 0.05, respectively). The peak FAM concentrations were similar
among all age groups apart from the peripubertal group (Tukey, peripubertal and
subadult: P = 0.01; peripubertal and adult: P = 0.02; peripubertal and aged: P = 0.04;
subadult and adult: P = 0.98; subadult and aged: P = 0.96; adult and aged: P = 0.86).
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Figure 2 illustrates representative profiles of FAM patterns in peripubertal (< 2 yr; Panel
A), subadult (2 – 2.99 yr; Panel A), adult (3 – 10.99 yr; Panels A, B and C) and aged
individuals (> 11 yr; Panels C and D).
There was no influence of season on overall, baseline or peak concentration
means of FAM (mean: F3,57.5 = 1.21 P = 0.31; baseline: F3,57.3 = 1.55 P = 0.21; peak:
F3,57.8 = 1.53 P = 0.22) or FGM (overall: F3,57.2 = 2.43 P = 0.07; baseline: F3,57.1 = 2.32 P
= 0.08; peak: F3,57.5 = 1.05 P = 0.38). Fecal glucocorticoid metabolite concentrations also
were similar among age groups (Table 2; overall: F3,9.04 = 2.76 P = 0.10; baseline: F3,9.11
= 3.02 P = 0.09; peak: F3,19.5 = 0.44 P = 0.73), and across seasons (data?) for overall,
baseline and peak mean concentrations. Peaks in FAM and FGM were related when all
age groups were combined (X2 (1, N=2491) = 73.7068, P < 0.001) and when the data
were separated by age group, apart from the peripubertal group: (X2 = 3.5390, P = 0.06);
subadult (X2 = 5.0954, P = 0.02); adult (X2 = 18.7844, P < 0.001); and aged (X2 =
14.3350, P < 0.001). When analyzed individually, none of the FAM and FGM peaks
were correlated in animals in the pubertal [SB409: (X2 = 2.3984, P = 0.12); SB411: (X2 =
0.8642, P = 0.35); SB412: (X2 = 0.6254, P = 0.43); SB386: (X2 = 0.4507, P = 0.50);
SB215: (X2 = 0.1312, P = .72)] or subadult [SB386: (X2 = 1.8342, P = 0.18); SB263: (X2
= 0.0000, P = 1.00); SB248: (X2 = 0.5700, P = 0.75); SB243: (X2 = 0.0000, P = 1.00)]
age groups. Peaks in FAM and FGM were related in three of the 12 adult males [SB263:
(X2 = 1.0088, P = 0.32); SB248: (X2 = 0.0223, P = 0.88); SB243: (X2 = 0.3531, P =
0.55); SB225: (X2 = 15.1940, P < 0.001); SB215: (X2 = 4.9965, P = 0.03); Generic #2:
(X2 = 14.7365, P < 0.001); SB234: (X2 = 0.6082, P = 0.44); SB136: (X2 = 1.6240, P =
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0.20); SB137: (X2 = 2.2842, P = 0.13); SB146: (X2 = 3.3147, P = 0.07); SB128: (X2 =
0.0880, P = 0.77); SB148 (X2 = 2.3025, P = 0.13)] and three of the five aged males
[SB221: (X2 = 9.0463, P = 0.003); Generic #1: (X2 = 0.0713, P = 0.79); SB64: (X2 =
9.9248, P = 0.002); SB75: (X2 = 8.2091, P = 0.004); SB173: (X2 = 0.5906, P = 0.44)].

Table 2. Overall, baseline and peak mean (± SE) concentrations of fecal androgen and glucocorticoid
metabolites by age group.
Fecal Androgens (μg/g)
Fecal Glucocorticoids (μg/g)
Baseline
Peak
Overall
Baseline
Age Group Overall
Peripubertal 0.28 ± 0.04a
0.25 ± 0.04a
0.66 ± 0.05a
0.12 ± 0.01a
0.11 ± 0.01a
Subadult
0.49 ± 0.07b
0.41 ± 0.04b
1.02 ± 0.15b
0.17 ± 0.01a
0.14 ± 0.02a
b
b,c
b
a
Adult
0.46 ± 0.02
0.42 ± 0.02
1.02 ± 0.07
0.23 ± 0.03
0.19 ± 0.02a
Aged
0.60 ± 0.06b
0.56 ± 0.05c
1.16 ± 0.16b
0.24 ± 0.04a
0.22 ± 0.04a
a,b,c Within column, values with different superscripts are significant (P<0.05).
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Peak
0.36 ± 0.08a
0.60 ± 0.16a
0.75 ± 0.20a
0.55 ± 0.12a
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Figure 2. Fecal androgen metabolite (µg/g) profiles of eight males of diverse ages. Panel A; Peripubertal (< 2 yr):
SB411, (open circles), Subadult (2 – 2.99 yr) and Adult (3 – 10.99 yr): SB248 (filled triangles). Panel B; Adult: SB225
(filled diamonds) and SB146 (open squares). Panel C; Adult SB148 (open diamonds), Aged (> 11 yr): SB221 (filled
circles). Panel D; Aged: SB173 (filled squares) and SB75 (open triangles). Baseline (dashed line) and threshold (dotted
line) concentrations were calculated for each male.
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Urinalysis
Spermatozoa were present in all but one urine sample collected (83%) from male
lions ranging in age from 1.2 – 6.3 yr, including a proven male (SB248) that served as a
positive control (Table 3).

Table 3: Detection of spermatozoa in urine from lions of varying ages.
Age at
collection Sperm
Weight
SB
(yr)
present (kg)
248
6.3
Yes
177
409

1.5

Yes

143

411

1.4

Yes

145

412

1.4

No

145

1.5

Yes

156

1.2

Yes

105

420/422

Body Weight Measurements
Average monthly body weights differed between captive and wild-born cubs
(Figure 3, F1,188 = 149.35 P < 0.001). Wild-born cubs weighed more than captive-born
counterparts at 0 – 2 mo (Tukey, Month 0: P < 0.001; Month 1: P < 0.001; Month 2: P =
0.006), had similar body weights at 3-5 mo (Tukey, Month 3: P = 0.10; Month 4: P =
0.73; Month 5: P = 0.24), but weighted less between 6 – 30 mo (Tukey, Month 6: P =
0.006; Months 7 – 24: P < 0.001). Using regression analysis, captive males gained 7.27
kg/mo [242.3 g average daily gain (ADG)] for the first 24 mo at which point their growth
rate slowed to 2.66 kg/mo (88.7 g ADG) for ages 25 – 30 mo, while wild males gained an
average of 3.88 kg/mo (129.3 g ADG) over each of the 30-mo study period.
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200

Captive: 0 - 24 mo: y = 7.27x - 9.52
Captive 25 - 30 mo: y = 2.66x + 90.45
Wild 0 - 30 mo: y = 3.88x + 9.52

Body weight (kg)

160

120

80

40

0
0
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12

Age (mo)

18

24
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Figure 3. Monthly average (± SE) body weights (kg) of captive (triangles) and wild (circles, adapted from Smuts
et al., 1980) male lions through 2.5 yr (30 mo). White triangles denote months when captive males were actively
gaining weight and grey triangles represent months where the rate of weight gain slowed. Trend lines are solid for
captive lions and dashed for wild lions. The black arrow indicates the earliest age, 14 mo (1.2 yr), and body weight, 105
kg, at which spermatozoa were present in captive male urine (n = 2). The grey arrow denotes the earliest age, 26 mo
(2.2 yr) and body weight (~113 kg) that spermatozoa were found in seminiferous tubules in wild lions as well as the
average age when males begin showing breeding behaviors and the open arrow is the average age (30 mo, 2.5 yr) and
body weight (~125 kg) spermatozoa were found in seminiferous tubules in wild males (Smuts et al., 1978).

Discussion
This study represents the first analysis of longitudinal FAM and FGM patterns in
male African lions utilizing a non-invasive approach, identifying the influence of age on
testicular and adrenal steroidogenic activity. Urinalysis for spermatozoa presence also
proved to be a novel, non-invasive method for determining puberty onset in young lions.
Overall results indicate that captive lions are maturing faster than wild counterparts,
which was related to differences in growth rates through the first couple of years of life.
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These data provide fundamental information regarding male lion reproductive biology
and how it relates to age and reproductive capability that can be used by the SSP and
animal care staff to improve captive animal management.
Relevant steroid hormone metabolites were reliably detected in lion fecal samples
via EIA. Based on HPLC analysis, none of the immunoactivity was associated with
native testosterone, but rather more polar metabolites, which agrees with studies in
domestic cats (Felis catus), Pallas’ cats (Otocolobus manul), Eurasian lynx (Lynx lynx)
and Iberian lynx (Lynx pardinus) (Brown et al., 1996a; Jewgenow et al., 2006). By
comparison, the cortisol EIA detected native cortisol as the major source of
immunoactivity in HPLC fractions. These results differ from other felids, including
clouded leopards (Neofelis nebulosi) and cheetahs (Acinonyx jubatus) (Young et al.,
2004), where native cortisol was not identified.
The four age groups utilized in this study (peripubertal, subadult, adult and aged)
were analogous to the reproductive life history groups reported for wild lions, but refined
based on the results obtained in this study. In wild males, individuals are considered cubs
until they are at least 2 yr, but in captivity, individuals <2 yr are capable of producing
offspring. As a result, cubs were reclassified as < 0.9 yr and the age range of 0.9 – 1.99 yr
was reclassified as peripubertal to account for lower FAM compared to older lions, but
also to take into consideration the higher body weights and onset of spermaturia as
evidence of puberty (Smuts et al., 1978, 1980). Captive males 2 – 2.99 yr were
characterized as subadult to indicate that while they are not yet full adult weight, they are
still heavier than their wild counterparts (Smuts et al., 1978, 1980) and had similar FAM
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to adult males (Brown et al., 1991). The adult age range shifted to include 3 yr old males
because they had reached adult weight by that age and in the wild would be physically
able to obtain and hold tenure over a pride (Rudnai, 1973; Pusey & Packer, 1987), and
their FAM was similar to males at the age typical of retaining a pride. Wild males > 8 – 9
yr were still classified as adults (Smuts et al., 1978). Captive males were considered aged
starting at 11yr to quantify a population rarely observed in the wild and from which no
wild hormone data were available (Brown et al., 1991) to identify age-related declines in
steroidogenic function.
Fecal androgen metabolite concentrations were lower in peripubertal males
compared to subadult, adult and aged males in agreement with other felid studies,
although the effect of age on gonadal activity has not been studied extensively in felids.
In Iberian lynx, young males (2 yr old) produced the lowest, while older males (>4 yr)
excreted the highest FAM concentrations (put reference). Results from electroejaculation
trials found that even 2 yr males were spermic, albeit with a higher percentage of
abnormal spermatozoa (Gañán et al., 2010). Likewise, FAM concentrations were lower
in juvenile (2 yr) and adult (3 – 18 yr) Canada lynx (Lynx canadensis). There are many
examples in other species where testosterone production has been shown to decrease with
age (Bremner, Vitiello & Prinz, 1983; Gray et al., 1991). In a 1991 meta-analysis of
human aging studies, there was consensus in showing a moderate age-related decrease in
testosterone concentrations (Gray et al., 1991). As roosters (Gallus gallus domesticus)
age, their testicular weight and testosterone production decreases resulting in testicular
tissue atrophy and a concomitant reduction in spermatogenesis in > 20% of senile males
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(Sarabia Fragoso et al., 2013). In contrast, some studies have shown that testosterone
concentrations remain unaltered or even increase with old age. For example, male polar
bears (Ursus maritimus), ranging in age from 6 – 24 yr, had similar concentrations of
testosterone (Curry et al., 2012) and in sun bears (Ursus malayanus), 6 – 26 yr,
testosterone increased with age (Hesterman, Wasser & Cockrem, 2005). Similarly, when
comparing sexually mature domestic stallions 2 – 11 yr to those over 13 yr, a significant
increase in average testicular testosterone concentration was observed in older individuals
(Berndtson & Jones, 1989). Last, a study on Canada lynx found that there was a positive,
but not significant, trend between age and fecal androgen concentration in males 3 – 18
yr (Fanson et al., 2010).
Longitudinal analysis of androgen production in relation to puberty onset is not
well documented in felids. In domestic cats, fecal testosterone was monitored from birth
until the weeks leading up to the average age of puberty and a rise in testosterone was
observed in neonates but testosterone remained low in subsequent weeks until the
individuals were castrated (Faya et al., 2013). Based on the lion SSP studbook records,
males under 2 yr have sired litters of cubs (Pfaff, 2014) and the urinalysis results in this
study indicates that pubertal animals with testosterone concentrations lower than the
average adult male are capable of supporting complete spermatogenesis. It is likely that
testosterone concentrations are even lower in males < 1 yr and average mean and baseline
observed between 1 – 2 yr represent a substantial increase in testosterone, enough to
initiate spermatogenesis.
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A major finding in this study was that captive male lions appear to reach puberty
at a much younger age than wild counterparts. Based on when males first show mounting
behaviors, wild males reach sexual maturity at 2.2 yr (26 mo), but do not typically breed
until they take over a pride at the average age of 4 (Rudnai, 1973; Pusey & Packer, 1987)
to 5 yr (Bertram, 1978; Smuts et al., 1978), although individuals as young as 3.3 yr have
been resident pride males in the Serengeti and Ngorongoro Crater (Brown et al., 1991).
In wild lions, males 1.6 – 1.8 yr were considered pre-pubertal because they produced
lower serum testosterone than young adults and adults, weighed only ~88 kg and were
aspermic (Brown et al., 1991). Histologic evaluation of testicular tissue from wild males
further demonstrated that the onset of spermatogenesis begins at about 2.5 yr or age
(range: 2.2 – 2.8 yr) (Smuts et al., 1978). Our study found that although the peripubertal
age group had lower FAM concentrations compared to older age groups, captive males
averaged 145 kg at 1.7 yr, about 65% more than their wild counterparts, and already were
spermic.
The growth kinetics presented in the present study indicate that captive-born lion
cubs develop at a faster rate than wild-born cubs, which could account for the early
puberty. Wild cubs are heavier for the first few months after birth but their weights are
comparable to captive-born counterparts from 3 – 5 months of age. Because there was no
difference in weight gain during this interval, results suggest that growth patterns are
similar between wild- and captive-born lion cubs. Interestingly, both captive and wild
cubs begin to taste/consume meat after a few months after birth and are usually weaned
by 0.5 yr (Schaller, 1972; Bertram, 1978; AZA Lion Species Survival Plan, 2012).
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However, after weaning, the plane of nutrition appears to diverge between wild- and
captive-born cubs and the ADG rate is no longer synchronous, perhaps a result of feeding
captive cubs meat daily. There is substantial variability in growth rate in wild African
lions (Schaller, 1972) and the rate at which lion cubs grow is correlated with food
availability once they are weaned (Bertram, 1978; Smuts et al., 1980; Frisch, 1990). Cubs
are dependent on adults for food (Schaller, 1972; Bertram, 1975); when prey is scarce,
young lions go without food for extended periods (Bertram, 1978; Eloff, 1984; Van
Orsdol et al., 1985) and starvation is a common cause of death for cubs (Schaller, 1972;
Bertram, 1975; Van Orsdol et al., 1985). Captive cubs likely experience an early onset of
puberty and reach adult body weight earlier as a result of the consistent feedings they are
provided (Schaller, 1972; Morse & Follis, 1973; Bertram, 1978).
For most mammals, the onset of puberty is associated with attaining a threshold
body weight (Levasseur & Thibault, 1980; Boulanouar et al., 1995; Klein, 1998;
Macdonald et al., 2005; Norris, 2007) and acquiring adequate fat reserves (Magni &
Motta, 2003). Under-nutrition can delay onset of puberty while over-conditioned animals
often attain puberty at an earlier age. Excessive deposition of adipose tissue also can
compromise reproduction in mammals. For example, fat deposition within testicles has
been reported to decrease sperm production and output in overweight young bulls
(Williams, 1998). In contrast, overweight roosters had heavier testicles and produced
significantly more sperm compared to their lighter counterparts (Sarabia Fragoso et al.,
2013).

73

The minimum body weight for triggering onset of puberty has not been
established for African lions. The lightest wild males in Kruger National Park with
spermatozoa in their seminiferous tubules weighed 110 kg (n = 2) (Smuts et al., 1980).
However, captive males reached ≥115 kg at ~1.3 yr, compared with 2.2 yr in the wild
lions when they are reported to attain puberty based on behaviors. Males SB420 and
SB422 were 105 kg at the time (1.2 yr) spermatozoa were detected in their urine,
corroborating Smuts’ findings. In the wild, growth slows between 2 – 3 yr, but continues
to increase until lions reach a maximum weight around 6 yr of age (Schaller, 1972;
Bertram, 1978). By contrast, captive males reached an average adult weight by 3 yr
(AZA Lion Species Survival Plan, 2012). Additionally, the onset of mane development
has been reported to occur earlier in captive males, another indication that androgen
production increases at a younger age than in wild males (Cooper, 1942). The
observation of spermaturia in captive lions at 14 mo of age (1.2 yr) indicates that
spermatogenesis was ongoing and spermiogenesis commences before that. Many zoos
have training programs that include training to urinate on command. Being able to
identify when a young male has reached puberty through urine analyses would allow
zoos to choose how best to manage them and avoid inbreeding.
Fecal androgen metabolite concentrations did not change with season, indicating
that captive male lions are not seasonal. Seasonality in testosterone production is more
common in felid species that are found at higher latitudes, such as the Pallas’ cat
(Newell-Fugate et al., 2007), Canada lynx (Fanson et al., 2010) and Iberian lynx (Gañán
et al., 2010) compared to cats from tropical and subtropical climates like the margay

74

(Leopardus wiedii), tigrina (L. tigrinus) (Moreira et al., 2001) and jaguar (Panthera
onca), which excrete different concentrations of testosterone in the wet and dry portions
of the year (Morato et al., 2004). However, not all cats found closer to the equator are
aseasonal; the ocelot (L. pardalis) and clouded leopard (Wildt et al., 1986) exhibit
changes in testosterone production associated with season.
Fecal glucocorticoid metabolite concentrations were similar across age groups
and also did not vary with season. There is little published information on changes in
cortisol production in relation to age or season. Fecal glucocorticoid metabolite
concentrations did vary across seasons in captive Pallas’ cats, (Newell-Fugate et al.,
2007). Interestingly, six of the 21 males (29%) showed a relationship between peaks in
FAM and FGM, while the other males did not. There was insufficient behavioral data to
determine if any of these corresponding peaks in FAM and FGM were associated with
breeding behaviors or female estrus events. One male (SB215) only exhibited a
correlation in FAM and FGM as an adult, but not at peripubertal or subadult ages. Thus,
the significance of these co-relations remains to be determined.
In summary, this study provides the first extensive study of androgen and
glucocorticoid production in male lions. With the addition of body weight measurements
and urinalysis for spermaturia onset, we are now better able to identify the onset of
puberty in young males. These approaches could serve as a model for other felid species
where there is no information regarding onset of puberty. To further develop a
reproductive hormone profile for lions, fecal and urine sample collection should begin
before 1 yr of age to monitor the increase in FAM prior to the onset of spermatogenesis.
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Evaluation of semen samples and testes size collected from males of varied ages,
including peripubertal, subadult and aged males would provide information about
changes in sperm characteristics as a function of age. While spermaturia implies the onset
of spermatogenesis, electroejaculations would provide more information on ejaculate and
spermatozoal quality. Over 20 years ago, Brown et al. (1991) remarked on the dearth of
knowledge on pubertal changes in semen quality in felids; until now, little new
information has been added. Future studies could show how felid ejaculate traits are
impacted by age or body weight approaching puberty, which might improve management
of young felids to avoid inbreeding. Last, we found no indication that a lack of male
reproductive functionality was the cause of poor reproduction following the lifting of a
breeding moratorium. Overall, these data provide the basis for future studies on puberty
in lions, reconfirm a lack of reproductive senescence in older lions and add to the
information utilized by husbandry managers and curators in the best management
strategies for lions in captivity.
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CHAPTER 3: CHARACTERIZATION OF OVARIAN AND ADRENAL
STEROID PATTERNS IN FEMALE AFRICAN LIONS (PANTHERA LEO) AND
THE EFFECTS OF CONTRACEPTION ON REPRODUCTIVE FUNCTION

Abstract
Because of poor reproduction after the lifting of an 8-year breeding moratorium, a
biomedical survey of female lions in U.S. zoos was initiated in 2007. Fecal estrogen
(FEM), progestagen (FPM) and glucocorticoid (FGM) metabolites were analyzed in
samples collected 3 – 4 times per wk from 27 lions at 17 facilities (0.9 - 13.8 yr of age)
for 4 mo - 3.5 yr and body weights were obtained ~monthly from 17 animals at eight
facilities (0.0 – 3.0 yr of age). Based on FEM, estrous cycle length averaged 17.5 ± 0.4 d
in duration, with estrus lasting 4.4 ± 0.2 d. All but one female exhibited waves of
estrogenic activity indicative of follicular activity; however, not all females expressed
estrous behaviors (82%), suggesting silent estrus was common. Female lions experienced
puberty earlier than expected; waves of estrogenic activity were observed in females as
young as 1.1 yr of age, which may be related to a faster growth rate of captive vs. wild
lions. Mean gestation length was 109.5 ± 1.0 d, whereas the non-pregnant luteal phase
was less than half (46.0 ± 1.2 d). Non-mating induced increases in FPM were observed in
33% of female lions housed without a male, consistent with spontaneous ovulation. A
number of study animals had been contracepted, and the return to cyclicity after treatment
withdrawal, while variable, was ~4.0 yr, especially for those given Suprelorin implants.
For FGM, there were no differences in overall, baseline or peak mean concentrations
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among the age groups or across seasons, nor were there any relationships between
reproductive parameters and FGM concentrations. Overall, these results suggest that poor
reproduction in lions after the breeding moratorium was not related to altered adrenal or
ovarian steroid activity, but for some females may have been a consequence of prior
contraceptive use.

Introduction
Globally, African lions (Panthera leo) are listed as vulnerable with a decreasing
population trend (IUCN, 2015), although in western and central Africa, lions are
considered endangered (Bauer et al., 2003). In 2004, the total number of lions in Africa
was estimated to be 16,000 – 30,000 individuals, a reduction of >97% over a 200-year
period (Bauer & van der Merwe, 2004). Today, only seven countries in Africa have more
than 1,000 lions (Panthera, Inc., 2013) and most populations exist only in small areas of
dry forests, grasslands and protected reserves (Chardonnet, 2002; Riggio et al., 2012).
Pressures from persecution (Herne, 1999; Lagendijk & Gusset, 2008), disease (RoelkeParker et al., 1996; Munson et al., 2008) and habitat loss (Hayward et al., 2007) are the
main causes of wild lion population declines. Conserving this species long-term likely
will require improved in situ management in combination with establishing ex situ
‘insurance’ populations as part of overall conservation efforts (Wildt et al., 2010; Schook
et al., 2013). Natural mating is an important aspect of captive breeding, but when that
fails or more intensive genetic management is needed, zoos often rely on assisted
reproductive technologies (ART), like artificial insemination (AI) and in vitro
fertilization (IVF). To do so, a thorough knowledge of species reproductive mechanisms
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is required so that species-specific protocols can be developed (Wildt & Roth, 1997;
Monfort, 2003; Pukazhenthi & Wildt, 2004; Pope, Gómez & Dresser, 2006).
Female lion reproductive biology appears to be similar to other Felidae in that
females exhibit variable estrous cycle lengths, non-pregnant luteal phases (NPLP) that are
shorter than the length of a pregnancy, and they are considered induced ovulators but can
ovulate spontaneously (Brown, 2011). Historically, African lions have bred relatively
well in captivity (Steyn, 1951; Smuts, 1982; Shoemaker & Pfaff, 1997), especially when
compared to other felids (Sankhala, 1967; Mellen, 1991; Marker-Kraus & Grisham,
1993; Fazio, 2010; Santymire et al., 2011). As a result, reproduction has often exceeded
available space. In one instance, between ~1990 and 1998, the North American African
Lion Species Survival Plan (SSP) program instituted a breeding moratorium to better
manage animal spaces, as well as to remove African/Asiatic hybrids and individuals of
unknown pedigree from the breeding population. New founders were imported from
Africa to bolster the genetics of the population. However, after the moratorium was lifted
in 1999, the captive population experienced a 6-year period of low fecundity. Only 35.4%
of reproductive-age females produced offspring between 1999 and 2005, compared to
68% between 1990 and 1998 (Pfaff, 2014) when breeding was limited to new founders.
Thus, in 2007, the SSP requested a reproductive assessment of both male and female
lions, including gonadal hormone activity, to determine underlying causes of poor
reproduction.
At that time, surprisingly little was known about lion endocrine function. The
majority of extant studies were based solely on behavioral observations (Bertram, 1975;

80

Packer & Pusey, 1983b). Few had collected biological data and these involved only a
small number of captive animals (Eaton & York, 1971; Schramm, Briggs & Reeves,
1994), post-mortem examinations of culled individuals in the wild (Smuts et al., 1980) or
short-term (< 3 h) blood sampling (Brown et al., 1993). With the advent of non-invasive
hormone monitoring to study wildlife endocrinology, including identifying puberty onset,
assessing reproductive seasonality, diagnosing pregnancy, and determining the effect of
management on reproductive success (Brown et al., 1996b; Schwarzenberger et al., 1996;
Palme et al., 2005), our laboratory initiated a study to use longitudinal fecal hormone
analyses to understand possible causes of poor reproduction in female lions after the
breeding moratorium. We also assessed the impact of contraception, an approach used
during the moratorium, on ovarian function and subsequent re-establishment of cyclicity
post contraception. For more than 25 years, silastic implants containing the synthetic
progestin, melengestrol acetate (MGA) were the most popular contraception method
(Asa, 2005a). Progestins thicken cervical mucus hindering sperm transport, interfere with
implantation and prevent the LH surge required for ovulation (Diczfalusy, 1968), but an
increased incidence of endometrial hyperplasia in felids was linked to MGA usage and
long-term treatment (>4 yr) was associated with advanced grade lesions (Munson et al.,
2002). As an alternative to MGA, two depot injection contraceptives, the progestin,
medroxyprogesterone acetate (MPA), and a gonadotropin-releasing hormone (GnRH)
agonist, leuprolide acetate (Lupron), were used sporadically, although the shorter efficacy
of 1 – 4 mo made them less desirable (Asa, 2005a). In the mid-2000s, lipid-matrix
implants containing the GnRH agonist, Suprelorin, became the recommended
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contraceptive treatment in lions because of presumed fewer side effects (Asa, 2005a).
GnRH agonists bind to receptors with greater affinity and cause a prolonged downregulation of pituitary GnRH receptors, thereby inhibiting gonadotropin secretion (Asa,
2005a). Suprelorin, Lupron, MPA, and MGA were all used during the moratorium;
however, no studies had evaluated the effect of these contraceptives on subsequent
reproductive fitness. Last, because stress is known to negatively impact reproduction via
elevated glucocorticoid production (Mellen, 1991; Scarlata et al., 2011b), adrenal activity
was also evaluated in these females.
The objectives of this study were to: 1) characterize the reproductive cycle
patterns of pre- and post-pubertal female lions through the analyses of fecal estrogen and
progestagen metabolites; 2) compare ovarian steroid profiles between pregnant and
nonpregnant females; 3) evaluate the influence of contraceptive treatments on steroid
hormone production and the resumption of normal ovarian cycles; and 4) determine the
relationship between reproductive parameters and fecal glucocorticoid concentrations as
an indicator of adrenal activity and stress. These data are essential for determining the
reproductive status of individual lions to aid in diagnosing fertility problems, and
providing baseline information needed to develop species appropriate assisted
reproductive and management techniques.

Materials and Methods
Ethics Statement
The Smithsonian Conservation Biology Institute (SCBI) Animal Care and Use
Committee and analogous committees at the other participating facilities approved all
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animal-related methodologies. Fecal collections were noninvasive and did not affect the
animal’s daily routine. The decision to contracept animals was made by each facility in
consultation with the Lion SSP and the Wildlife Contraception Center (WCC) at the St.
Louis Zoo. Weight measurements were obtained from animals as part of a zoo’s routine
management protocol.
Animals and Sample Collection
A total of 38 female lions at 19 facilities, ranging from <1 mo to 13.8 yr of age,
were used in this study (Table 4); reproductive assessments (N=22), contraceptive
evaluations (N=11) and body weight measurements (N=17) with some female included in
one, two or three components. All animals had indoor and outdoor access daily, provided
that outdoor temperatures exceeded -1°C. All animals were visible to the public at least 1
h and up to 24 h every day. The diet composition varied by facility with approximately
half of the zoos feeding a combination of horse meat and beef, while others fed strictly
horse meat or beef, with Nebraska Brand (Central Nebraska Packing, Inc., North Platte,
NE) and Natural Balance (Natural Balance Pet Foods, Burbank, CA) being the
manufacturer of 85% of the diets. Water was available ad libitum and on average,
individuals were fasted up to 1 d a week and provided bones 2 d a week. As part of
animal management, 11 females were contracepted with either Suprelorin (N = 8) or
MGA (N = 3) during all or part of the study period (Table 4B).
Fecal samples were collected within 24 h of being voided, 3 – 4 d/week for 4 mo
to 3.5 yr (Table 4A&B, N = 28). Samples were stored frozen until overnight shipment to
the endocrinology laboratory at SCBI for processing and steroid hormone analysis.
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Behavioral data from keeper records, including observations of estrus behaviors, such as
lordosis, rolling and solicitation, male interest and breeding attempts were available for
11 of the study animals. Dates of parturition were verified using the studbook (Pfaff,
2014).
Body weights were obtained from 17 individuals at least once a month for the first
12 mo of age, at which point the duration of weight measurement collection varied by
facility (Table 4C). To weigh young cubs (≤ 4 mo), the weight of a plastic tub was tared
from a platform balance, the cub was placed inside the tub and the weight was recorded.
Older individuals (> 4 mo) were weighed during training sessions using platform scales
placed in the animal’s indoor enclosure or in a squeeze cage.
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Table 4. Demographics of female lions included in the study: A. Reproductive assessment, B. Contraception
evaluation, and C. Body weight measurements.

Collection duration (mo)

Other pridemates

Behavior observations (Y/N)

Breeding history

Previously contracepted
(Y/N)

13.6

15.6

2.0

N

Parous

N

6.9
6.9
11.8

7.4
8.0
12.5

6.0
13.2
9.1

3.2
3.2
2.2

Y
Y
N

Null
Null
Parous

N
Y
Y

76

11.7

12.9

14.4

1.1

Y

Parous

Y

244

1.5

2.0

6.0

1.1

Y

Null

N

91

8.7

9.7

12.0

1.1

N

Parous

Y

MGA

104

9.2

9.9

8.4

1.1

N

Parous

Y

MGA: 6.9;
MGA,
DMPA:
DMPA
8.5, 8.6

65

12.0

13.0

12.0

1.0

N

Parous

N

124

8.2

9

9.6

1.1

Y

Parous

N

North Carolina Zoo
Oregon Zoo
Riverbanks Zoological Park

145
140
341ǂ
170
172

8.4
10.0
1.9
3.9
3.9

9.7
11.0
2.0
7.0
6.6

15.6
12.0
4.8
37.2
32.4

1.1
1.0
1.1
0.1
0.1

Y
Y
N
Y
Y

Parous
Parous
Null
Null
Null

Y
N
N
N
N

Smithsonian National
Zoological Park

246

3.7

7.2

42.0

1.1

Y

Null

N

247

2.9

6.4

42.0

1.1

Y

Null

N

407
408

1.0
1.0

2.0
2.0

12.0
12.0

4.5
4.5

Y
Y

Null
Null

N
N

410
413
205
341

1.0
0.9
5.7
1.5

2.0
1.9
6.7
1.9

12.0
12.0
12.0
4.8

4.5
4.5
1.0
2.1

Y
Y
N
N

Null
Null
Parous
Null

N
N
N
N

SB

Cheyenne Mountain Zoological
109
Park
Denver Zoological Gardens
233
235
Henry Vilas Zoo
224
Indianapolis Zoo
Knoxville Zoological
Gardens

Lee Richardson Zoo
Lincoln Park Zoological
Gardens

Tulsa Zoo & Living Museum
Virginia Zoological Park

Age at previous
contraception (yr)

Age at end of sample
collection (yr)

12.3

Facility

Previous contraception
type

Age at start of sample
collection (yr)

A. Reproductive assessment* (N = 22)

MGA
MGA

~4.8
~9.8
11, 11.2,
DMPA
11.4

MGA

2.6, 4.8

3.9

DMPA: depot medroxyprogesterone acetate MGA: melengestrol acetate
Null: Nulliparous
*Of the 22 females monitored for reproductive assessment, 6 females were contracepted for a portion of
fecal sample collection and therefore also included in the contraception evaluation group and body weights
were obtained from 7 females in the reproductive assessment
ǂSB341 was transferred from Virginia Zoological Park to Oregon Zoo at age 1.9 yr
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Reversal (parturition) (Y/N)

13.6 N

N

2.6, 3.8,
N
4.2

109 14

14

2.4

N

2.0 Parous N

N/A

N/A

Y

Supr

233 7.4

7.6

2.4

Y

3.2 Parous N

N/A

N/A

Y

MGA 7.4

Y

N

8.1 (98.5)

224 11
244 2
2.8

12
2.3
3.6

8.4
3.7
9.6

N
Y
Y

2.2 Parous Y
1.1 Null
N
1.1 Null
Y

MGA
N/A
Supr

~9.8
N/A
2

N
Y
N

Supr

N
Y
Y

N
N
N

5.8 (69.5)

9.4

4.8

Y

1.1 Parous N

N/A

N/A

Y

MGA 8.9

N

N

6.5
2.3
6.6

13.2 N
3.7 Y
9.6 N

1.1 Null
1.1 Null
1.1 Null

Y
N
Y

Supr
N/A
Supr

Y

Supr

Y
Y

N
N
Y

6.1 4.0 (48.4)

Y

Y

8

N

Y

N

N

Y

Y

Lincoln Park Zoological
124 9.0
Gardens
Oregon Zoo
329 5.4
341ǂ 2.0
5.5
Milwaukee County
Zoological Gardens

197 3.6

4.7

13.2 Y

1.0 Null

Y

Tautphaus Park Zoo

200 9

9.4

4.8

1.0 Null

Y

Zoo Atlanta

218 8.7

9.6

10.8 N

Y

2.1 Parous Y

Lupron: Leuprolide MGA: melengestrol acetate Supr: Suprelorin
Null: Nulliparous
**As of 01 May 2014

2.0
N/A
2.0
L: 1.8,
Lupron,
2.6; D:
Supr
3.1
2.3, 3.4,
Supr
4.4, 5.4
Supr
4.8

Y

Supr

2.0

2.0

3.2

Contraception Duration
[yr (mo)] **

Supr

Age at Reversal (yr)

Y

Contraception type

Previous contraception
type

1.0 Null

Age at previous
contraception (yr)

Previously contracepted
(Y/N)

14.4 Y

Breeding history

8.3

Other pridemates

283 5.7

SB

Behavioral observations
(Y/N)

Collection duration (mo)

Time to Reversal [yr (mo)]

Breeding recommendation
(Y/N)

N

Age at contraception (yr)

Y

Age at end of sample
collection (yr)
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Brookfield Zoological
Park
Cheyenne Mountain
Zoological Park
Denver Zoological
Gardens
Henry Vilas Zoo
Indianapolis Zoo

Age at start of sample
collection (yr)

Facility

Treatment started during
study (Y/N)

B. Contraception evaluation (N = 11)

6.2 (74.0)

4.9 (61.7)

4.8 (57.6)
5.9 (70.4)

9.8 5.0 (60.0)

Facility

SB

Age at start of sample
collection (yr)

Age of end of sample
collection (yr)

Collection duration (mo)

Other pridemates

C. Body weight measurements (N = 17)

Birmingham Zoo

421
423
424

0.0
0.0
0.0

1.3
1.3
1.3

15.7
15.7
15.7

3.3
3.3
3.3

236

0.0

0.9

10.3

4.6

237
238
239

0.0
0.0
0.0

1.1
1.1
1.8

12.9
12.9
21.4

4.6
4.6
4.6

0.0
2.0
2.0

1.3
3.0
2.0

15.8
12.0
1.0

4.6
1.1
1.1

0.0

1.1

13.7

2.2

0.0
0.0
0.0

1.1
1.1
0.2

13.7
13.7
2.0

2.2
2.2
3.1

0.0

1.8

21.6

4.5

0.0
0.0
0.0

1.8
1.8
1.7

21.6
21.2
20.9

4.5
4.5
4.5

0.0

1.4

17.3

2.1

Denver Zoological
Gardens

244†
Indianapolis Zoo
244
Oregon Zoo
341ǂ
Riverbanks Zoological
330
Park
332
333
Sedgwick County Zoo 417
Smithsonian National
407
Zoological Park
408
410
413
Virginia Zoological
341
Park

†SB244 was transferred from Denver Zoological Gardens to Indianapolis Zoo at 1.5 yr
ǂSB341 was transferred from Virginia Zoological Park to Oregon Zoo at 1.9 yr

Fecal Steroid Hormone Processing and Analysis
Fecal samples were processed and hormone metabolites extracted as previously
described (Brown et al., 1996). Briefly, samples were freeze-dried in a lyophilizer (VirTis
Ultra 35XL, SP Scientific, Warminster, PA) for 5 d, crushed to a powder, sifted, and
stored in polypropylene tubes at -20°C. Samples were weighed (0.20 ± 0.02 g) into
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16x125 mm glass tubes (Fisherbrand, Thermo Fisher, Pittsburgh, PA) to which ~20,000
dpm 3H-linked estradiol-17β tracer (NEN Radiochemicals, Perkin Elmer, Boston, MA)
was added to determine procedural loss, followed by 5 mL of 90% ethanol:10% deionized water. Samples were boiled in a 95°C water bath for 20 min with 100% ethanol
added as needed to maintain 5 mL volume, and then centrifuged at 500 x g for 20 min.
The supernatant was aspirated and 5 mL of 90% ethanol was added to the pellet, and the
sample was vortexed (pulse rate 1/s, speed 65; Multi-tube Vortexer; Glas-Col, Terre
Haute, IN) for 30 s. Sample extracts were centrifuged for 15 min at 500 x g, and the
supernatants combined and dried down under forced air. Extracts were reconstituted with
1 mL of 100% methanol (HPLC Grade Methanol, Thermo Fisher, Pittsburgh, PA), dried
under forced air and reconstituted with 1 mL of preservative-free phosphate buffer (0.2 M
NaH2PO4, 0.2 M Na2HPO4, 0.15 M NaCl; pH 7.0). Each sample was vortexed for 15 s
and placed in an ultrasonic cleaner water bath (Cole Parmer Instrument Company,
Vernon Hills, IL) for 15 min. Sample extracts were further diluted in preservative-free
phosphate buffer as needed for each hormone assay: 1:250 – 1:6,000 for progestagens;
1:20 – 1:100 for estrogens; and 1:10 – 1:200 for glucocorticoids. All sample extracts and
dilutions were stored in polypropylene tubes at -20°C until analysis. The average fecal
extraction efficiency (79.0 ± 0.9%) was based on the recovery of 3H-estradiol-17β
(~20,000 dpm) added to each sample prior to extraction.
A single-antibody enzyme immunoassay (EIA) technique was used for hormone
analysis as previously described (Graham et al., 2001). Assays utilized a monoclonal
progesterone antibody (Quidel CL425, C.J. Munro, University of California, Davis, CA)
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and polyclonal antibodies to estradiol-17β (R4972; C.J. Munro) and cortisol (R4866; C.J.
Munro) to quantify fecal progestagen metabolites (FPM), fecal estrogen metabolites
(FEM) and fecal glucocorticoid metabolites (FGM), respectively. Briefly, antibodies in
coating buffer (0.015 M Na2CO3, #S2127; 0.035 M NaHCO3, #S8875, Sigma Aldrich, St.
Louis, MO; pH 9.6) were adsorbed to flat-bottomed, high-binding 96-well microtitre
plates (Nunc-Immuno, Thermo Fisher) and incubated ≥ 8 h at 4°C. The plates were
washed (0.05% Tween 20, #P1379, Sigma Aldrich; in 0.15 M NaCl solution, #S271,
Fisherbrand) five times and loaded with 0.05 mL (0.02 mL for estradiol) standards
(progesterone: #P0130; β-Estradiol: #E1132; hydrocortisone: #H4001, Sigma-Aldrich) in
triplicate, and internal controls and diluted samples in duplicate. Next, 0.05 mL
horseradish peroxidase (HRP) solution was added to each well and plates were incubated
at room temperature (RT) for 2 h (1 h for cortisol). After incubation, plates were washed
five times and 0.1 mL ABTS solution (0.04 M ABTS diammonium salt, #0400, Amresco,
Solon, OH; 0.5 M H2O2, #BP2633, Fisherbrand, in 0.05 M citric acid buffer, #C0759,
Sigma Aldrich; pH 4.0) was added to each well. Assays were read on a microplate reader
(MRX, Dynex Technologies, Chantilly, VA) at 405 nm (ref. 490 nm) to an optical
density (OD) of 1.0 (range 0.9 – 1.1) for the 0 ng/mL standard.
Estradiol HRP was obtained from UC Davis. Horseradish peroxidase ligands for
progesterone and cortisol were prepared at the SCBI. Briefly, Solution A was made by
weighing 0.02 mM steroid (progesterone 3-(O-carboxymethyl) oxime, #P3277; or
hydrocortisone 3-(O-carboxymethyl) oxime, #H6635, Sigma Aldrich) into a glass 12x75
mm tube (Fisherbrand) with a micro stir bar (8x1.5 mm; Fisherbrand) capped, and placed
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into a beaker of ice on a stir plate. The steroid was dissolved in 0.4 mL N,N-dimethyl
formamide (#D4551, Sigma Aldrich) at 0°C, 0.003 mL 4-methylmorpholine (#M56557,
Sigma Aldrich) was added while stirring and cooled to -15°C, and then 0.003 mL
isobutyl chloroformate (#177989, Sigma Aldrich) was added to the anhydrous reaction
and stirred at -15°C for 3 min. Solution B was made by dissolving 40 mg horseradish
peroxidase (HRP; #P8375, Sigma Aldrich) in 0.4 mL distilled water and 0.3 mL N,Ndimethyl formamide in a 12x75 mm glass tube with a micro stirring bar, placed in a
beaker of ice on a stir plate and cooled to 0°C. While stirring Solution B (HRP) at 0°C,
Solution A (steroid; kept in a beaker of ice to maintain at 0°C) was slowly pipetted, 0.01
mL at a time, until all of Solution A was combined with Solution B. The reaction mixture
was stirred for 1 h at -15°C and then mixed at 0°C for 2 h. Four milligrams NaHCO3
(Sigma Aldrich) was fully dissolved in the mixture, which was pipetted into dialysis
membrane tubing (Spectrum Spectra/Por 4 RC, 12,000 – 14,000 Dalton MWCO, 10 mm
width; Spectrum Laboratories, Thermo Fisher, Pittsburgh, PA). Double knots were tied at
each end and a Spectrum Spectra/Por magnetic, weighted closure (Spectrum
Laboratories, Thermo Fisher, Pittsburgh, PA) was attached to the bottom end. The tubing
was suspended in a 2 L graduated cylinder (Fisherbrand) containing a stir bar (50x8 mm,
Fisherbrand) and filled with distilled water. For 3 d, the graduated cylinder was kept at
4°C on a stir plate and the distilled water was changed twice a day. The dialyzed
HRP/steroid mixture was then emptied into a glass 12x75 mm tube.
A Sephadex G-25 (#G25150, medium; Sigma Aldrich, St. Louis, MO) column
(Vantage L Lab Column, VL 2.2 x 50 cm, EMD Millipore, Darmstadt, GER) was

90

prepared by equilibration at RT with 500 mL of preservative-free phosphate buffer (0.05
M Na2HPO4, #S393; NaH2PO4, #BP329; Fisherbrand; pH 7.5). To remove unconjugated
steroid, 10 mL 0.05 M phosphate buffer containing 2% (w/v) BSA (#7500802, Proliant,
Boone, IA) was layered onto the column and immediately followed by the HRP/steroid
mixture. When the conjugated steroid (indicated as a brown band) neared the bottom, 1
ml aliquots (~25 drops each) were collected into 12x75 mm glass tubes, including at least
5 tubes after the brown band eluted from the column. The tubes containing the HRPconjugated steroid (aliquots brown in color) were pooled, and 0.25 mL aliquots pipetted
into labeled vials, lyophilized to dryness and stored at -80°C. For use, a vial was
reconstituted with 0.25 mL distilled water, tapped gently and stored at -20°C.
Assay sensitivities, based on 90% binding were: progesterone, 0.02 ng/mL;
estradiol, 0.95 ng/mL; cortisol, 0.08 ng/mL. Intra-assay coefficients of variation (CV)
were <10% between sample duplicates and inter-assay CVs for two internal controls
analyzed on each assay were: progesterone, 8.1% and 13.7% (N = 255); estradiol, 9.3%
and 14.9% (N = 246); cortisol, 6.9% and 9.6% (N = 199), respectively. Hormone data are
reported as µg/g feces.
Hormone Assay Validations
All assays were validated for lions by demonstrating: 1) parallelism between
serial dilutions of fecal extracts and the respective standard curves; 2) significant
recovery of steroid standard added to fecal extracts; and 3) biological relevance of
hormone data. For parallelism tests, two-fold serial dilutions of samples were analyzed in
each EIA. Slopes of the standards and sample dilutions, respectively were -12.7 and -14.1
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(r = 0.94) for the progesterone, -12.6 and -12.9 (r = 0.99) for the estradiol, and -11.5 and 11.7 (r = 0.99) for the cortisol EIA, respectively. Mass recovery tests were conducted by
combining equal volumes of diluted fecal extract and known amounts of exogenous
hormone and calculating the difference between the expected and observed
concentrations of exogenous hormone (progesterone, y = 0.87x + 2.25, r = 0.99; estradiol,
y = 1.11x – 0.08, r = 0.99; cortisol, y = 1.00x + 15.19, r = 0.99) (Brown et al., 1994;
Scarlata et al., 2011b). Assays were biologically validated by observations of expected
hormonal changes in conjunction with known physiological events: increases in FEM
observed in conjunction with behavioral estrus and mating, and FPM concentrations
increased during pregnancies (see Results). An immobilization and treatment for an
undetermined illness causing a high white blood cell count with symptoms including
lethargy and a possible seizure in an individual lioness was utilized to validate the FGM
EIA; average FGM in three samples collected over 6 days encompassing the onset of
symptoms and treatment (0.57 ± 0.07 µg/g; N = 3) was higher than mean FGM
concentrations in samples collected 2 weeks before (0.15 ± 0.02 µg/g; N = 7) and 2
weeks after (0.23 ± 0.03 µg/g; N = 6; F2,14 = 42.39 P < 0.001; Tukey, before: P < 0.001
and after: P < 0.001) treatment.
High Performance Liquid Chromatography (HPLC)
HPLC analysis (Varian ProStar; Varian Analytical Instruments, Lexington, MA)
was performed to identify steroid hormone metabolites in lion fecal extracts using
previously published protocols (Staley et al., 2007; Steinman et al., 2012) , with minor
modifications. Three extracted samples for each hormone were combined, filtered (0.2
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µm) and evaporated to dryness. Resulting pooled extracts were resuspended in 0.5 mL
PBS (0.03 M Na2HPO4, 0.02 M NaH2PO4, 0.15 M NaCl, 0.002 M NaN3, pH: 5.0),
filtered through a C18 Spice cartridge (#01-10, Analtech Inc., Newark, DE), and dried
under forced air. Radioactive tracers (~14,000 dpm; 3H-estrone sulfate, 3H-estradiol 17-β,
3

H-progesterone, and 3H-cortisol) were added to the appropriate pooled sample as

chromatographic markers and dried again. The extract was reconstituted in 0.3 mL
methanol, sonicated for 5 min, and 0.05 mL was loaded onto a reverse-phase C18 HPLC
column (Agilent Technologies, Santa Clara, CA). For progestagens, the sample was
separated using a 20 – 100% linear gradient of acetonitrile:water over 120 min (1 mL/min
flow rate; 1 mL fractions). For estrogens and glucocorticoids, the samples were separated
using a 20-80% linear gradient of methanol:water over 80 min (1 mL/min flow rate; 1
mL fractions). An aliquot of each fraction was counted on a multi-purpose β-radiation
scintillation counter (LS 6500, Beckman Coulter, Brea, CA) and the remainder of each
fraction was dried and reconstituted in 0.25 mL preservative-free phosphate buffer for
EIA analysis. Each fraction was analyzed in singlet and retention times of the radioactive
markers and immunologic activity were compared to identify hormone metabolites.
Data Analyses
Females were separated into three age groups representative of reproductive life
stages: subadult, 0.91 – 2.99 yr (N = 6); adult, 3.00 – 9.99 yr (N = 10); and aged, 10.00 –
13.99 yr (N = 5). To account for variability in the number of samples for each animal in
the study, hormone data were first averaged by individual before data were subsequently
analyzed (ANOVA, etc). An iterative process was utilized to calculate baseline
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concentrations for steroid hormones in each individual animal as described previously
(Moreira et al., 2001). Briefly, all values exceeding the mean plus two times the SD (1.75
times the SD for FPM) were excluded, and the process repeated until no further data
points could be removed. The resulting mean was considered the baseline concentration
and all values greater than 2 SD (1.75 SD for FPM) above the mean were considered
‘elevated’. Estrous events were classified as a cluster of at least two consecutive samples
with elevated FEM concentrations, and the duration of estrus was the number of days
FEM concentrations were elevated. Additionally, individual peaks flanked on either side
by samples of near threshold FEM concentrations were considered to be estrous events.
Estrous cycle lengths were calculated as the number of days between FEM peaks, using
the highest concentration in a cluster as the peak. However, intervals of longer than 52 d
without an FEM peak were considered anestrous periods (Moreira et al., 2001). If more
than two successive days separated sample collections, the cycle was not included in the
analyses. The proportion of cycles in which behavioral estrus was associated with
elevated FEM concentrations also was determined. Correlations between peaks in
hormone concentrations were determined using Chi-square tests. To compare seasonality,
hormone concentrations were first averaged by individual within each season. For each
hormone, repeated measures analysis of covariance (ANCOVA) utilizing an AR(1)
covariance matrix structure and Tukey multiple mean comparison tests determined the
differences in hormone concentration across seasons.
Analysis of covariance with Tukey multiple mean comparison tests were used to
compare age group, parity and contraception history differences in estrus duration and
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estrous cycle length. To calculate the frequency of synchronized estrous cycles, only
instances where at least two females at a facility were housed together, both participated
in the study and samples were collected within 1 d of each other. By female, the dates of
estrous cycles were recorded and then the dates were compared between each female at a
facility. When at least 1 d of an estrous cycle overlapped with the other female, then the
cycle was considered synchronized.
Luteal phases were defined as > 7 consecutive days of FPM concentrations
(Moreira et al., 2001) ≥ 1.75 SD above the mean baseline, and pregnancies were
confirmed after 60 d of elevated FPM. To assess differences in FPM concentrations
between pregnant luteal phases (PLPs) and non-pregnant luteal phases (NPLPs), weekly
averages of FPM were calculated for 3 wk before and 22 wk after ovulation or until the
start of another luteal phase. Comparisons in weekly FPM concentration by luteal phase
type (PLP, NPLP) were calculated using ANCOVA with post-hoc Bonferroni correction
analysis.
One-way analysis of variance (ANOVA) with age group as a fixed factor, and
assuming heterogeneous variances with Tukey multiple mean comparison tests, were
used to determine differences in average and baseline hormone concentration by age
group (Pavlik et al., 2000). All individuals in the aged age group were parous and had
been previously contracepted. To insure that this did not impact the results, hormone
concentrations and reproductive events were evaluated by parity and contraception
history. Differences in hormone concentration between parous and nulliparous
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individuals and between naïve and previously contracepted females were determined
using ANOVA.
For individuals that were contracepted for a portion of the study, only noncontracepted data were used in calculations of individual baseline and mean hormone
concentrations. Mean and baseline hormone concentrations during a period of
contraception were calculated separately for each individual. Differences in hormone
concentrations before and after contraceptive treatment were determined using ANOVA
for individuals with only pre- and post-treatment sample collection. Analysis of
covariance with Tukey multiple mean comparison tests were used for females with
samples collected several months after treatment, as well as pre- and immediate posttreatment sampling. The time from the last contraceptive treatment to when a female gave
birth (based on studbook data) was calculated by individual and averaged across
treatment groups (Suprelorin, MGA, Lupron) for overall efficacy duration.
Body weights of zoo lions were averaged by month of age. Weight data from wild
cubs in Kruger National Park were obtained from previously published data (Smuts et al.,
1980; Tummers, 2006). Weight differences between wild and captive lions for each
month of age were determined using ANCOVA. Unless noted, data are reported as mean
± standard error of the mean (SE) and significances were determined at the P < 0.05 α
level. To account for repeated sampling within individual animals, any analyses utilizing
multiple data points from the same animal (e.g., estrous cycle length) were blocked by
individual or calculated with repeated measures and operated with the Kenward-Roger
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degrees of freedom method. Analyses were conducted using SAS v. 9.3 (SAS Institute
Inc., Cary, NC, USA).

Results
HPLC
Analysis of HPLC-separated female lion fecal eluates revealed the presence of
two estrogen metabolites, the majority of which (89%) co-eluted with the 3H-estradiol
17-β tracer, with a more polar peak comprising the remaining 11% of immunoreactivity.
By contrast, no progestagen immunoactivity was observed in association with the 3Hprogesterone standard. Rather, immunoreactivity was associated with three more polar
metabolites representing 41%, 10%, and 35% of the total immunoactivity, and one less
polar metabolite with 12% of the immunoactivity. A majority of FGM immunoreactivity
(87%) co-eluted with 3H-cortisol, with one less polar metabolite accounting for the rest of
the immunoreactivity.
Reproductive and Adrenal Fecal Steroid Hormones by Reproductive Life Stage
Mean, baseline and peak FEM, FPM and FGM by reproductive life stage age
group are summarized in Table 5. Mean and baseline FEM concentrations across age
groups were similar (F2,16 = 1.38 P = 0.28 and F2,16 = 1.27 P = 0.31, respectively),
whereas mean peak FEM were lower in the sub-adult group as compared to adults (F2,16
= 4.21 P = 0.03); Tukey, P = 0.03). FPM concentrations across age groups differed for
overall mean (F2,16 = 7.11 P = 0.006), baseline mean (F2,16 = 5.98 P = 0.01) and peak
mean (F2,16 = 14.96 P < 0.001) (Table 5). The sub-adult age group FPM was consistently
lower than the adults (Tukey, mean: P = 0.01; baseline P = 0.03; peak: P <0.001) and
differed from the aged animals in overall (Tukey, P = 0.01) and baseline (Tukey, P =
97

0.02) mean concentrations. No differences in overall mean, baseline or peak mean FGM
were observed among the age groups (mean: F2,16 = 0.25 P = 0.78; baseline: F2,16 = 1.44
P = 0.27; and peak: F2,16 = 1.44 P = 0.26). Fecal estrogen metabolite concentrations were
not correlated with surges in FGM in any of the study animals (X2 (1, N = 3689) = 2.89,
P = 0.09). Furthermore, there were no seasonal changes in reproductive or adrenal
hormone patterns (FEM: F3,39.1 = 1.18 P = 0.33; FPM: F3,38.4 = 0.05 P = 0.99; FGM:
F3,39.4 = 0.73 P = 0.54).
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Table 5: Overall, baseline and peak mean (± SE) concentrations of fecal estrogen, progestagen, and glucocorticoid metabolites by age group.
Fecal Estrogens (μg/g)

Fecal Progestagens (μg/g)

Baseline
Peak
Overall
Baseline
Age Group Overall
Subadult
0.23 ± 0.03a 0.21 ± 0.02a 0.57 ± 0.07a
1.37 ± 0.43a 1.26 ± 0.42a
Adult
0.29 ± 0.02a 0.24 ± 0.02a 0.82 ± 0.08b
3.32 ± 0.43b 2.75 ± 0.40b
Aged
0.36 ± 0.07a 0.32 ± 0.06a 0.77 ± 0.16a,b
5.36 ± 1.40b 4.51 ± 1.12b
a,b,c
Within column, differing letter superscripts indicate a significant difference (P<0.05).

Fecal Glucocorticoids (μg/g)
Peak
3.73 ± 0.75a
11.33 ± 1.25b
10.03 ± 2.21b

Overall
0.14 ± 0.01a
0.15 ± 0.02a
0.17 ± 0.02a

Baseline
0.12 ± 0.01a
0.13 ± 0.02a
0.16 ± 0.02a

Peak
0.45 ± 0.06a
0.79 ± 0.16a
0.43 ± 0.09a
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Estrous Cycle Patterns
Out of 22 females monitored longitudinally, 21 exhibited estrous cyclicity (i.e.,
periods of elevated FEM). Cycles were observed in subadult and young adult (Figure
4A), adults (Figure 4B) and aged females (Figure 4C). The youngest cycling female was
1.1 yr and the oldest was 13.2 yr. The mean duration of elevated FEM (estrus) was 4.4 ±
0.2 d (N = 57; range: 2 – 9 d), and was not affected by age group (F2,19.5 = 0.77 P = 0.48),
parity (F1,33.4 = 0.78 P = 0.38) or prior contraception (F1,35.6 = 0.00 P = 0.99). Estrous
cycle length averaged 17.5 ± 0.4 d (range: 8 – 30 d), and did not differ by age group
(F2,5.32 = 0.11 P = 0.90), parity (F1,6.16 = 0.14 P = 0.72) or prior contraception (F1,3.73 =
1.59 P = 0.28). The one adult female (SB145) that exhibited periods of anestrous had
been previously contracepted with MGA, but the implant was removed 2.6 yr before
sample collections began. Although mean, baseline, and peak FEM in this lion were
within the range of the other adult females, she exhibited three anestrous periods,
averaging 78 ± 2.5 d (range: 73 – 81 d) over a 1.3-yr study period. Silent estrus was
documented in 9 of 15 lions in the reproductive assessment portion where behaviors were
collected, including SB406, SB247 (Figure 4A) and SB140 (Figure 4C). No behavioral
estrus was recorded for SB406 and SB140, and SB247 rarely exhibited behavioral estrus
over the 3 year sampling period.
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Figure 4. Fecal estrogen metabolite (µg/g) profiles of six females of diverse ages. Panel A: SB408, filled diamonds
and SB247, open circles; Panel B: SB205, filled squares and SB235, open diamonds; Panel C: SB140, filled circles and
SB76, open triangles. Baseline (dashed line) and threshold (dotted line) concentrations were calculated for each female.
Estrous peaks are denoted with green data points.

Three facilities collected fecal samples simultaneously on paired females. Of
those, synchronized ovarian events were observed in two pairs (Figure 5). Females
SB246 and SB247, housed within visual, auditory and olfactory range of a male, but
without direct contact, cycled synchronously 13 times over 2.4 yr (Figure 5A). Females
SB170 and SB172 experienced synchronized estrous cycles four times without a male
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present, and on two occasions after a male arrived at the zoo with visual, auditory and
olfactory, but not direct contact (Figure 5C).
Pregnant and Non-Pregnant Luteal Phases
The mean duration of the NPLP was 46.0 ± 1.2 d (N = 25; range: 35 – 54 d) in 12
females; the youngest age that a NPLP was observed was 3.47 yr and the oldest age was
13.20 yr. Fifteen NPLPs were the result of spontaneous ovulations that occurred in
females housed with another female, but no exposure to males (N = 4 individuals, e.g.
Figure 5). One pair of spontaneously ovulating females, housed together, was within
auditory, olfactory and visual range of a male, but did not have direct contact. These
females also initially exhibited spontaneous ovulations after several synchronized estrous
cycles (Figure 5A,B). However, during the second half of the sampling period, the cycles
diverged and the females alternated cycling and ovulating. On several occasions, peak
FEM were observed during NPLPs that corresponded with the other female’s estrous
peak (red circles, Figure 5A,B). Two other females, housed together, spontaneously
ovulated when housed both without and then within auditory, olfactory and visual range
of a male. For the remaining 10 NPLPs, all females (N = 8) were housed with a male and
likely were induced ovulations; seven of these occurred after documented breeding.
There was no difference in NPLP length between spontaneous and induced ovulations
(F1,19 = 0.28 P = 0.60), adult and aged groups (F1,18.1 = 0.11 P = 0.75), parous and
nulliparous individuals (F1,19 = 0.50 P = 0.49) or in females previously contracepted
versus untreated (F1,19 = 3.41 P = 0.08).
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Figure 5. Synchronous estrous cycles and spontaneous ovulations in two pairs of female lions housed together
for 2.4 yr. Panels A and B: SB246 (grey profile) and SB247 (blue profile); Panels C and D: SB170 (black profile)
and SB172 (purple profile). Fecal estrogen metabolites (μg/g) are displayed in panels A and C with solid lines and
fecal progestagens metabolites (μg/g) in panels B and D with dotted lines. Green circles indicate synchronized estrous
cycles for the pair of females at each zoo and for SB246 and SB247, red circles show incidences of shared peak FEM

103

while one female was in a luteal phase. Striped horizontal lines denote synchronized luteal phases caused by
spontaneous ovulation events within a zoo, solid horizontal bars indicate luteal phases caused by spontaneous
ovulations for each individual (not synchronized) and the orange horizontal bar represents the start of a pregnancy
(SB246; the male was introduced to this female six weeks prior to the successful pregnancy). In panel C, the arrow
signifies the arrival date of the male lion (SB215) to the zoo, but physical introductions between the females and the
male were not conducted for more than 1.5 yr after his arrival.

Eight complete pregnancies were observed in six individual lions, and averaged
109.5 ± 1.0 d in duration (range: 105 – 114 d). Within 3 wk of the start of a luteal phase,
FPM concentrations were higher in PLP compared to NPLP (F21,518 = 5.19 P < 0.001)
and remained elevated throughout the duration of gestation (Figure 6).

Figure 6. Weekly average (± SE) fecal progestagen metabolite concentration for pregnant (filled squares) and
non-pregnant (open squares) luteal phases. Post-hoc Bonferroni correction analysis for significance between PLP
and NPLP weekly average FPM concentrations are denoted by asterisks.
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Post-Partum Estrous Cycles
In addition to eight complete PLPs, six partial pregnancies where the animal was
already pregnant at the start of fecal sample collection were observed. In eight of the 14
pregnancies, sufficient sampling continued after parturition to observe post-partum
estrous cycle resumption. Five of the eight litters did not survive more than a few days
(accident, N = 1; illness, N = 2; stillborn, N = 2). On average, females that lost litters
resumed cycling 16.4 ± 4 d (range: 11 – 22 d) post-partum, which was similar to those
that nursed cubs (N = 3) and resumed cycling 31.7 ± 5.9 d (range: 20 – 39 d) after
parturition (F1,3.9 = 6.86 P = 0.07). Females without surviving cubs bred with a male
sooner than females with live cubs, averaging 23.8 ± 12 d (range: 12 – 40 d) after birth
compared to 63 ± 3 d (range: 61 – 65 d) (F1,5 = 20.88 P = 0.01). Female SB246 lost her
cub to illness at 3 d post-partum; she exhibited peak FEM 12 d after giving birth and was
observed breeding at 13 d post-partum, resulting in a PLP (Figure 7A). While caring for
and nursing 3 cubs, SB341 was allowed access to a male for a few hours a day. She
cycled 39 d after parturition without breeding, but bred at her second cycle 65 d postpartum (Figure 7B).

105

Figure 7. Longitudinal steroid hormone profiles (μg/g feces, FEM; filled squares, FPM: open circles, dashed
line) showing the resumption of cycling post-partum in a female that lost her cub (SB246, Panel A) and a female
with a surviving litter (SB341, Panel B). Green data points denote estrous peaks, vertical blue bars indicate breeding,
the purple arrow signifies death of a cub and horizontal orange bars represent pregnancies.

Effect of Contraception
Eleven females were contracepted with implants of Suprelorin, MGA or Lupron
during at least part of the study period. Eight females were implanted with Suprelorin,
three of which were monitored both before and after treatment (Table 6). Longitudinal
profiles of two females before and after Suprelorin treatment are shown in Figure 8. The
female in Figure 8A (SB244) was monitored for 5 mo before being contracepted with
Suprelorin, for 3.7 mo post-implant, and then again 9.9 – 16.3 mo after initial
contraception. Overall (F1,166 = 18.13 P < 0.001) and baseline (F2,149 = 21.10 P < 0.001)
mean FEM production differed among the sampling periods. While there were no
differences between pre-treatment and the first 3.7 mo after contraception (Tukey, mean:
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P = 0.43; baseline: P = 0.08), lower mean and baseline FEM were observed during the
time period 9.9 – 16.3 mo post treatment when compared to pre-treatment (Tukey, mean:
P < 0.001; baseline: P < 0.001), and the immediate post-treatment sampling period
(Tukey, mean: P < 0.001; baseline: P < 0.001) (Table 6). By contrast, SB341 showed an
immediate decrease in mean and baseline FEM after contraception through the remaining
3 mo of sample collection (mean: F2,132 = 22.35 P < 0.001; baseline: F2,106 = 47.81 P <
0.001) (Figure 8B). When sampling resumed 41.8 mo post-treatment, she was cycling
and her mean and baseline FEM had increased, although not to pre-contraception
concentrations (Tukey, P < 0.001) (Table 6; Figure 8B). Not all females contracepted
with Suprelorin exhibited a suppression in ovarian activity as evidenced by similar FEM
concentrations pre- and post-implant (e.g., SB109; F1,68 = 0.01 P = 0.94) (Table 6). Also,
a post-contraception rise in FEM concentrations for 9 d was observed in SB244, but not
SB341. Female SB341 was treated with a 14-d course of oral megestrol acetate (MA)
prior to Suprelorin treatment.
Two females (SB124, SB233) were monitored before and after treatment with
MGA (Table 6; e.g., SB124, Figure 8C) and one (SB224) during MGA (collections
began ~2 yr after implant was placed) and after implant removal (Figure 8D). In SB124,
mean and baseline FEM concentrations decreased (F1,176 = 6.47 P = 0.01 and F1,151 =
5.01 P = 0.03, respectively), whereas no changes were observed for SB233 in mean (F1,64
= 1.50 P = 0.23) or baseline (F1,63 = 0.83 P = 0.37) FEM. No cycles were observed for
the remainder of sample collections for SB233 (55 d), and in SB124 (137 d) only one
small peak in FEM occurred. Figure 8C demonstrates SB124 as a cycling adult female,
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with PLPs and NPLPs until she was contracepted with MGA. The length of the second
NPLP (48 d) was not affected by the contraception treatment as it is within the range of
NPLP lengths observed during this study. In SB224, there were waves of follicular
development based on FEM while the contraceptive implant was in place. After removal,
both mean and baseline FEM decreased (mean: F1,216 = 52.70 P < 0.001; baseline: F1,201
= 90.97 P < 0.001) (Table 6, Figure 8D). SB224 showed a surge in FEM 7 d after the
contraceptive implant was removed and experienced a NPLP 7.1 mo later.

Table 6: Overall and baseline mean (± SE) concentrations of fecal estrogens before and after Suprelorin and
MGA contraception treatments.
Fecal Estrogens (μg/g)
Fecal Progestagens (μg/g)
Months after
Type
SB
Treatment*
Overall
Baseline
Overall
Baseline
109+
-3.5 - 0
0.23 ± 0.01a
0.22 ± 0.01a
5.16 ± 0.34a
3.27 ± 0.20a
a
a
b
0 - 2.4
0.22 ± 0.02
0.22 ± 0.02
2.85 ± 0.51
2.28 ± 0.40b
a
a
a
244
2.0
-5 - 0
0.22 ± 0.01
0.21 ± 0.004
2.77 ± 0.11
2.42 ± 0.09a
a
a
b
0 - 3.7
0.24 ± 0.01
0.22 ± 0.01
3.37 ± 0.16
2.95 ± 0.10b
b
b
c
9.9 - 16.3
0.16 ± 0.01
0.16 ± 0.01
4.08 ± 0.18
4.02 ± 0.18c
ɣ
a
a
a
341
2.0
-7.1 - 0
0.36 ± 0.02
0.22 ± 0.01
2.69 ± 0.11
2.38 ± 0.07a
b
b
b
0-3
0.17 ± 0.03
0.16 ± 0.01
2.51 ± 0.19
2.51 ± 0.19a
b
b
c
41.8 - 51.8
0.24 ± 0.03
0.15 ± 0.01
2.78 ± 0.32
2.13 ± 0.16b
θ
a
a
a
124
8.9
-8.4 - 0
0.26 ± 0.01
0.21 ± 0.01
4.44 ± 0.40
3.72 ± 0.30a
0 - 4.5
0.21 ± 0.01b
0.19 ± 0.01b
2.04 ± 0.11b
1.54 ± 0.05b
233
7.4
-4.6 - 0
0.29 ± 0.02a
0.27 ± 0.01a
2.38 ± 0.10a
2.30 ± 0.04a
a
a
a
0 - 1.7
0.26 ± 0.01
0.26 ± 0.01
2.37 ± 0.07
2.30 ± 0.07a
224
~7.8
24 - 30
0.52 ± 0.01a
0.51 ± 0.01a
5.05 ± 0.14a
4.29 ± 0.09a
30.1 – 39^
0.43 ± 0.01b
0.39 ± 0.01b
4.41 ± 0.14b
3.80 ± 0.09b
a,b,c...
Within each animal, hormones are compared by column and different subscripts indicate significant difference before and
after treatment (P<0.05).
*Months post-contraceptive treatment
^Months after MGA removal
+
SB109 was previously treated with depot medroxyprogesterone acetate (DMPA) – 10/27/1999 and Suprelorin – 12/1/1999: 2
x 6mg (older formulation). SB109 gave birth 5/23/2002, a reversal 2.5 yr after treatment with the old Suprelorin formulation.
ɣ
SB341 was given oral megestrol acetate (MA) for 14 days prior to Suprelorin treatment and the data from those samples are
not included in the average hormone values.
θ
SB124 was previously treated with MGA - 7/21/1998, 1/21/1999 and 12/17/2003. SB124 gave birth 6/14/2002 and
12/5/2004, reversals of the previous two MGA treatments.

MGA

Suprelorin

Age at
treatment
13.6
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Figure 8. Reproductive steroid hormone profiles (μg/g feces, FEM: filled squares, FPM: open circles, dashed
line) before and after Suprelorin or MGA treatment and before and after MGA removal. Suprelorin treatment
indicated with black arrows in panel A (SB244) and panel B (SB341), MGA treatment represented with a grey arrow in
panel C (SB124) and MGA removal denoted with an open arrow in panel D (SB224). Green data points indicate
estrous peaks, vertical blue bars correspond with breeding, black horizontal bars represent non-pregnant luteal phases
and orange horizontal bars signify pregnancies. In panel A, the vertical grey bar shows a 9 d contraception-induced
estrous event. In panel B, the horizontal grey bar denotes a 14 d oral megestrol acetate (MA) treatment prior to
Suprelorin placement.
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The average time from Suprelorin treatment to resumption of cycling was 48 mo
(N = 3, range: 42.2 – 54.4 mo) (Table 4B). In addition to the hormonally monitored
females in this study, eight additional females with known treatment dates have not fully
reversed by giving birth to a litter of cubs (Pfaff, 2014). The average duration of efficacy
in females that had not reversed by the end of the study period was 5.2 yr (62.4 mo) (N =
12; range: 41.3 – 78.5 mo). Female SB283 (Figure 9A) did not cycle until 47.4 mo after
treatment, and the peak FEM concentrations were relatively low at those estrous cycles.
Female SB200 (Figure 9B) was treated with Suprelorin annually for 3 yr prior to the last
dose, for a total of 107.5 mo of contraception treatment. The mean length of time
between the last administration of Suprelorin and those that did fully reverse by giving
birth was 4.3 yr (51.7 mo) (N = 6; range: 31.4 – 66.8 mo). A resumption of cycling was
observed during the study period in SB218 at 50.6 mo after contraceptive removal and
she conceived at 56.7 mo (Figure 9C), while SB341 returned to cycling when collections
resumed 42 mo after contraceptive removal and she bred and conceived at 45.5 mo,
giving birth 49.1 mo post-contraceptive treatment.
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Figure 9. Fecal steroid hormone profiles (μg/g, FEM: filled squares, FPM: open circles) for three females
contracepted with Suprelorin. Panel A (SB200), Panel B (SB283), Panel C (SB218). Green data points, a blue
vertical bar and an orange horizontal bar indicate estrous peaks, breeding and pregnancy, respectively.

Mean and baseline FGM concentration decreased after treatment with Suprelorin;
SB109 (F1,68 = 11.43 P = 0.001); SB244 (F2,180 = 4.26 P = 0.02); and SB341 (F1,94 =
19.50 P < 0.001) (Fig. 7). One of two individuals implanted with MGA also experienced
a reduction in mean and baseline FGM; SB124 (F1,280 = 0.81 P = 0.37) and SB233 (F1,77
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= 17.78 P < 0.001), and when the MGA implant was removed from SB224, both mean
and baseline FGM increased (F1,203 = 4.54 P = 0.03) (Figure 10).

Figure 10. Comparison of mean FGM concentrations (µg/g ± SE) before birth control implant placement (black
bars), on birth control treatment (grey bars), after expiration of GnRH-agonist (striped bar) and after removal
of progestin (white bar) contraception implants. Within individual, different letters denotes significance (P < 0.05).

Body Weights
There were differences in average monthly body weights between captive and
wild cubs (F 1,237 = 177.80 P < 0.001), although the direction differed by age. The
estimated average monthly weights for wild cubs aged 0 – 2 mo was higher than their
captive born counterparts (Tukey, Month 0: P < 0.001, Month 1: P < 0.001 and Month 2:
P = 0.004, Figure 11). From 3 – 5 mo, there was no difference (Tukey, Month 3: P =
0.07, Month 4: P = 0.55 and Month 5: P = 0.37), but then from 6 through 20 mo, captiveborn cubs weighed more than wild cubs (Tukey, P = 0.01 at 6 mo, P < 0.001 for 7 – 20
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mo). Regression analysis estimated that captive lions gained 6.37 kg/mo [212.3 g average
daily gain (ADG)], while wild lions gained 3.07 kg/mo (102.3 g ADG). Weight
comparison between wild and captive individuals ended at 20 mo because the captive
lions had reached an average adult weight of ~125 kg. Wild lions continued to gain
weight through the end of data collection at 36 months.

Figure 11. Monthly average (± SE) body weights (kg) of captive (triangles) and wild (circles, adapted from
Smuts et al. (1980)) female lions through 3 yr (36 mo). White triangles denote months when captive females were
actively gaining weight and grey triangles represent months where the average body weight was similar to adult
weights. Trend lines are solid for captive lions and dashed for wild lions. The black arrow indicates the average age, 13
mo (1.06 yr), and body weight, 80 kg at which captive females (n = 4) showed waves of follicular development. The
grey arrow approximates when wild lions should begin cycling based on the age, 21 mo (1.75 yr), at which they reach
~80 kg and the open arrow is the estimated age (26 mo, 2.2 yr) and body weight (96 kg) when females reach puberty in
the wild using behavioral observations (Smuts, 1980).

Discussion
This is the first comprehensive analysis of longitudinal reproductive and adrenal
steroid hormone patterns in female African lions, and highlights the effects of age,

113

adrenal status and contraceptives on reproductive activity. Methods were developed for
assessing basic endocrine function in lions noninvasively, including determining the
excretion of relevant metabolites in feces and validating immunoassays. Based on HPLC
analysis, unconjugated estradiol-17β was the major estrogen metabolite found in fecal
extracts, which agrees with data from other felid species (Brown et al., 1994). Moreover,
estradiol-17β was positively correlated with reproductive behaviors in female lions and
determined to be a good method to monitor waves of follicular activity (Graham et al.,
1995). Unlike estrogens, progesterone is more heavily metabolized in felids and excreted
as both polar and nonpolar metabolites, but not as native steroid (Mostl, Lehmann &
Wenzel, 1993; Brown et al., 1994), which is similar to HPLC results in lions. By
contrast, the cortisol EIA determined that native steroid constitutes the majority of
immunoactivity in HPLC fractions, which differs from findings in other felids, including
domestic cats (Felis catus) (Graham & Brown, 1996), cheetahs (Acinonyx jubatus) and
clouded leopards (Neofelis nebulosa) (Young et al., 2004).
One of the major findings, based on evaluation of FEM, was the early age that
captive female lions experience puberty. Waves of estrogenic activity, indicative of
follicular development, were observed in lions as young as 1.1 yr, and mean and baseline
FEM were comparable to older individuals. Wild females were believed to become
sexually mature at around 26 mo of age, based on observations of estrus behaviors such
as lordosis and rolling, and have an average age of first conception of 3.5 – 4.5 yr (Smuts
et al., 1978, 1980). This is much later than what was noted in our zoo lions based on
endocrine activity. The cyclicity findings agree with growth data showing captive lion
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cubs appear to develop faster than wild counterparts. In most mammals, puberty is
dependent on an adequate body weight (Levasseur & Thibault, 1980; Boulanouar et al.,
1995; Klein, 1998; Macdonald et al., 2005; Norris, 2007) and fat reserves (Magni &
Motta, 2003), presumably related to good nutrition. For example, age at puberty in
heifers is inversely related to body weight (Macdonald et al., 2005), and captive-raised
black-tailed deer fawns (Odocoileus hemionus columbianus) bred at 5 – 6 mo, whereas
wild counterparts did not conceive until the following breeding season, at > 1 yr (Mueller
& Sadleir, 1979). By 20 mo of age, captive lions in this study reached their adult weight,
whereas wild lions continued to grow through 36 mo of age (Smuts et al., 1980). The
studbook documented three females that conceived before 2 yr and all litters survived
(Pfaff, 2014). It may be prudent to study the impact of rapid growth on young lions as
well as future reproductive capability and overall health, although an accelerated growth
rate did not impair reproductive function or longevity in dairy cattle (Macdonald et al.,
2005). One study of longevity in captive lions found that age at first reproduction and
number of offspring also did not appear to impact lifespan (Ricklefs & Cadena, 2007).
However, it is important to note that the onset of puberty in wild lions is tied to
observations of overt reproductive behaviors, and we have shown that silent estrus is
common in lions. Thus, the age at which wild lions reach puberty may be earlier than
currently believed.
The finding that FEM patterns were comparable in female lions across
reproductive age groups indicates that ovarian function remains relatively constant
throughout a female’s lifespan once cycling has initiated (Connell, 1998). Similarly,
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average FEM concentrations did not differ with age in cheetahs (2 – 15 yr) (Crosier et al.,
2011), although in Arabian leopards (Panthera pardus nimr), baseline FEM were highest
in young females (< 2 yr of age) and lowest in older individuals (> 2 – 20 yr) (de Haas
van Dorsser et al., 2007). Higher overall mean FPM in lions after the age of 3 yr, which
then remained constant for the remainder of adulthood, may be related to the onset of
ovulations, as none of the animals in the sub-adult group exhibited NPLPs. In contrast,
FPM did not vary by age group in cheetahs (Crosier et al., 2011). Whether lions
experience a true reproductive senescence is not clear. Smuts et al. (1978) reported
decreased ovarian follicle number in aged (11 – 14 yr) wild lions (Smuts et al., 1978) and
Packer et al. (1998) observed age-related reductions in fecundity. Yet some wild lions are
capable of reproducing for their entire lifespan (~16 yr of age) (Steyn, 1951; Schaller,
1972; Packer et al., 1998). According to the African lion studbook, lions as old as 14.9 yr
of age have reproduced. But because pregnancy complications are more prevalent in very
young and old animals (Asa et al., 2005), older lions often are not given breeding
recommendations, thus potentially masking any age-related decreases in reproduction.
Estrous cycle lengths of 19 d (N = 2; range 18 – 20 d) (Schramm et al., 1994), and
20.4 ± 1.7 d (Graham et al., 1995) have been reported for lions, which is similar to our
findings and those of behavioral observations of wild lions (Schaller, 1972). Cycle length
also varied considerably within and between individuals, as observed in other felid
species, including the cheetah (13.6 d; range: 5 – 30 d; (Brown et al., 1996b)), puma
(Felis concolor; 17 – 25 d; (Bonney, Moore & Jones, 1981)), clouded leopard (24 d;
range: 14 – 43 d; (Brown et al., 1995)), tiger (Panthera tigris ssp; 17.96 d; range: 6 – 40
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d; (Graham et al., 2006)), and Leopardus genus: margay (L. wiedii; 17.6 d; range 11 – 25
d), ocelot (L. pardalis; 18.4 d; range: 7 – 31 d) and tigrina (L. tigrinus; 16.7 d; range 11 –
27; (Moreira et al., 2001)). For solitary felids, variable estrous cycle lengths may increase
the probability of being in estrus when encountering a male. Lions are the only social lion
species, and estrous synchrony has been observed in the wild, especially after male takeovers (Pfaff, 2014). However, this behavior does not occur in captive prides, so variable
estrous cycle lengths were not unexpected in our study.
Peaks in FEM can be indicative of estrus in felids (Graham et al., 1995;
Wielebnowski & Brown, 1998); however, because results are delayed by the processing
methods, real-time diagnosis of estrus with fecal hormone metabolites is unrealistic.
Daily accounts of behaviors are still necessary to time breeding introductions, particularly
with singly-housed animals. The duration of estrus in our study ranged from 2 – 9 days.
Other felids experience variable lengths of estrus as well, including the clouded leopard:
6 d (range: 1 – 10 d) (Brown et al., 1995), cheetah: 2 – 6 d, lynx: < 7 d (Brown, 2011)
and Leopardus spp: 1 – 6 d (Moreira et al., 2001).
Not all FEM peaks were associated with behavioral estrus, however, and thus
represented silent estrus, which has been noted previously in lions (Schmidt et al., 1979),
as well as other felids, including the cheetah (Wildt et al., 1981b), domestic cat (Axnér,
Gustavsson & Ström Holst, 2008) and Arabian leopard (de Haas van Dorsser et al.,
2007). Silent estrus was observed in 82% of the females in this study where behaviors
were available (N = 11, Table 4A). No estrous behaviors were observed in the six subadult females, despite the occurrence of regular increases in FEM. It is possible that a
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threshold of estrogen production is needed to stimulate overt behaviors in lions, but that
was not supported by the data, as there was high variation in mean and baseline
concentrations within and among all females. Another possibility is that follicle growth
rate in some females or during some cycles may be slower; a study monitoring follicular
maturation via ultrasound in water buffalos (Bubalus bubalis) found a link between slow
growing follicles and silent estrus (Awasthi et al., 2007). In lions, males are the
submissive breeding partner (Cooper, 1942) and low or slow estrogen production could
preclude a female’s initiative for breeding, reducing reproductive success between a
mating pair. The majority of females experiencing silent estrus were housed with males;
only SB244, SB247 and SB341 were not housed with a male while cycling, and SB247
continued this pattern even after being housed with the male. Thus, the expression of
overt estrous behaviors was not influenced by the presence of a male.
The NPLP length of 35 – 54 d was within the range of that reported previously in
lions (Schmidt et al., 1979; Briggs et al., 1990; Graham et al., 1995) and other felids,
including the snow leopard (Panthera uncia; 42 – 53 d) (Kinoshita et al., 2011), Arabian
leopard (39 d) (de Haas van Dorsser et al., 2007), caracal (Caracal caracal; 47 – 48 d)
(Graham et al., 1995) and cheetah (38 – 59 d) (Brown et al., 1996b). The finding that
60% of NPLPs occurred in the absence of a male indicates that lions can ovulate
spontaneously.
The analysis of fecal hormone metabolite patterns of two pairs of group-housed
sisters without direct male contact presented evidence of estrous cycle synchrony, which
has been noted in wild lions (Schaller, 1972; Bertram, 1975; Packer & Pusey, 1983b).

118

Synchrony in estrous cycles (Schaller, 1972; Bertram, 1975) and births (Schaller, 1972;
Bertram, 1975; Packer & Pusey, 1983b) both have been observed within females of the
same pride, but not across prides in the same region (Bertram, 1975). Synchronous
estrous cycles are thought to increase offspring survival because females can share the
responsibility of caring for young and more successfully protect their young from
infanticide by a new pride male (Bertram, 1975; Packer & Pusey, 1983b). One theory for
the source of synchrony is exposure to pheromones of cycling females in close proximity
– a mechanism comparable to the dormitory effect proposed in women (Homo sapiens)
(McClintock, 1971) and observed in kenneled domestic dogs (Canis lupus familiaris)
(Rudnai, 1973). But while synchronized estrus and breeding have been observed in wild
lions, this is the first observation of ovarian synchrony involving successive NPLPs.
The average PLP length observed in the current study was in agreement with
earlier findings that gestation lasted 110 d (range: 100 – 114) (Cooper, 1942), 102 d ±
3.02 (Eaton & York, 1971) and 115 d (range: 111 – 119) (Sadleir, 1966). In this study,
overall mean FPM concentrations during gestation were higher than mean NPLP levels
starting 3 wk after ovulation, which contradict an earlier report wherein no difference in
FPM concentrations was observed between PLP (n = 1) and NPLP (n= 3) female lions
(Graham et al., 1995). This discrepancy may be attributed to the small sample size
utilized by Graham et al. (1995). Similarly, domestic cats and Arabian leopards excrete
more progestagens during the PLP than the NPLP (Verhage et al., 1976; de Haas van
Dorsser et al., 2007). Still, the variation in hormone concentration within and among

119

individuals prevents accurate pregnancy diagnosis prior to ~60 d after breeding by which
time elevated FPM in a NPLP would return to nadir.
Our findings agree with earlier studies of wild lions where females that lost their
litters typically resume cycling soon thereafter (Eaton & York, 1971; Bertram, 1975;
Packer & Pusey, 1983b). In our study, five litters were lost and females resumed cycling
within 11 to 22 d. Cycling in domestic cats has been shown to resume within 7 d of litter
removal, 1 – 2 d after parturition (Schmidt et al., 1983) compared to ~4 wk for nursing
females (Stabenfeldt & Pederson, 1991), and within 30 d in a clouded leopard that
rejected her cub, compared to several months in lactating females (Brown et al., 1995).
However, in contrast to most reports that lions with living litters do not cycle for at least
18 mo after giving birth (Schaller, 1972; Packer & Pusey, 1983b), lactating lions in this
study experienced estrous cycles within weeks of parturition based on waves of FEM
excretion, and in one case, breeding, which has been observed in lactating wild lions
(Rudnai, 1973; Lehmann et al., 2008). The lion studbook provides evidence of at least
one example of a dam successfully rearing two litters born < 1 yr apart (Pfaff, 2014).
Based on our findings, one reason for the poor reproductive performance
observed in lions following the breeding moratorium may be due to the lingering effects
of contraceptives used during that period. While lions treated with MGA have cycled and
bred soon after implant removal (28 ± 4 d, N = 3) (Orford, Perrin & Berry, 1988),
sustained treatment (> 2 yr) with MGA is associated with reproductive organ pathologies
in felids (Munson et al., 2002). The AZA Wildlife Contraception Center (WCC) used to
recommend using MGA for a maximum of 4 yr and removing the implants after 2 yr to
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allow for a pregnancy before retreatment (Asa, Boutelle & Bauman, 2012; AZA Lion
Species Survival Plan, 2012). But starting in ~2003, Suprelorin implants began to be used
in lieu of MGA because no adverse effects had been linked to Suprelorin use in felids
(Munson et al., 2001). However, Suprelorin implants are not easily removed and we now
know the duration of efficacy is highly variable (Asa, 2005b). Studies of Suprelorin
treatment in domestic cats and Wistar rats (Rattus norvegicus) found many females failed
to resume normal ovarian cyclicity after the duration of expected efficacy (Munson et al.,
2001; Toydemir, Kiliçarslan & Olgaç, 2012; Cetin et al., 2013; Goericke-Pesch et al.,
2013). Additionally, after a year of Suprelorin treatment, the ovaries and uterine horns in
rats were smaller, had fewer pre-antral follicles, and overall ovarian and uterine volumes
were lower compared to control individuals (Cetin et al., 2013). The most recent data
reported to the WCC indicate that the reversal rate (i.e. number of individuals that have
so far produced cubs out of the number recommended to breed) of female lions is less
than 40% (M. Agnew, personal communication). We confirmed the extended duration of
efficacy of Suprelorin in several females through sampling > 40 mo post-treatment. The
duration of Suprelorin’s impact on the HPG axis was longer [4.0 yr (48 mo)] in the lions
in the present study compared to 33.8 mo in previous studies of wild and captive lions in
South Africa (Bertschinger et al., 2008), but both studies showed that the effect was
considerably longer than the 1-yr predicted efficacy. It is now clear that the stated 6- or
12-mo periods of efficacy are minimal, and most individuals should be expected to be
suppressed beyond that time. Given the unpredictability of time to reversal, the current
recommendation of WCC is to place implants in a location that will facilitate removal
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when breeding is recommended (for instructions on placement and removal:
http://www.stlzoo.org/animals/scienceresearch/contraceptioncenter/). In domestic cats,
estrus and ovulation were induced when stimulated with eCG/hCG 10 d after Suprelorin
implant removal (Ackermann et al., 2012) so it is possible that a similar course of
treatment could reverse the prolonged effective duration in lions. Additionally, while a
study of Suprelorin-treated queens showed an average duration of efficacy of 22.7 ± 2.0
mo, 88% of female domestic cats mated immediately upon resumption of cycling
conceived and carried litters to term (Goericke-Pesch et al., 2013), indicating that
Suprelorin is a reversible contraceptive treatment in cats.
An interesting finding was that almost all lions contracepted during this study
showed a significant decrease in FGM excretion, regardless of treatment with progestins
or GnRH agonist. This agrees with an earlier study in lions that showed both MGA and
MPA lowered serum cortisol concentrations compared to controls (Seal et al., 1976).
Adrenocortical suppression also has been reported in domestic cats and humans treated
with another synthetic progestin, megestrol acetate (MA) (Chastain et al., 1981; Mann et
al., 1997; Naing, Dewar & Leese, 1999). A reduction in glucocorticoids has also been
reported in dogs contracepted with MPA (Selman et al., 1994; Beijerink et al., 2007),
albeit only transiently (e.g., 4 wk) (Beijerink et al., 2007). Administration of
supplemental glucocorticoids with tapered dosing has been recommended for MA-treated
cats following surgical procedures or illness to avoid hypoadrenocorticism (Middleton et
al., 1987). In humans treated for diseases such as cancer and AIDS, there is a link
between the inclusion of MA in a treatment regimen with a significantly higher rate of
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mortality (Hengge & Brockmeyer, 1995; Buzdar, Jones & Vogel, 1997; Dombernowsky
et al., 1998), possibly due to hypoadrenalism caused by synthetic progestins. In a recent
study, women contracepted with injectable MPA were immunosuppressed, while women
treated with newer high-specificity synthetic progestins, which do not bind to
glucocorticoid receptors, were not (Hapgood et al., 2014; Huijbregts, Michel & Hel,
2014). It is important to note that most women have utilized synthetic progestin
contraceptives without issue, but women predisposed to certain disorders may be
impacted (Wiegratz & Kuhl, 2006). Little information is available on the effect of GnRH
agonist on HPA function in felids. However, the decrease in FGM in lions treated with
Suprelorin may be similar to a reduction in cortisol excretion observed in GnRH agonisttreated common marmosets (Callithrix jacchus) (Saltzman et al., 2006). It is unknown
what, if any, detrimental impact decreased mean FGM has on lion health and
reproductive capability. To reduce risk, it may be best to assess the fitness of individual
lions when choosing contraception methods - utilizing hormone treatments in healthy
animals and selecting non-hormonal options in older or infirm animals. It is possible that
the reduction in FGM is related to the decrease in estrous cyclicity, which is linked with
higher rates of activity (e.g. estrus behaviors, male interest, mating).
In summary, this study represents the most extensive dataset on the normal
reproductive biology of female lions and shows how age and contraception affects steroid
hormone production. The period of low fecundity observed between 1999 and 2004 now
appears to have been reversed, and in 2013, the SSP set a goal of producing 30 cubs with
45 being born (H Colahan, personal communication). Ironically, this is leading us back to
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the problem we had before the moratorium, as there once again is a need to control
population growth. Many zoo populations fluctuate in boom–bust cycles, which can
create challenges when trying to maintain genetic diversity and a stable population size.
As such, an institution’s breeding recommendations are made as and when they are
requested by the genetic needs of the population, and can be sporadic over time. Moving
forward, these reproductive cyclicity data can be applied to the advancement of ART
methodology for lions. Additionally, the development of a contraception method with a
shorter duration of effectiveness and minimal long-term health impacts as well as
placement of Suprelorin implants in locations that facilitate easy removal would provide
a viable option for managing both in situ and ex situ lion population based on carrying
capacity.
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CHAPTER 4: FUTURE DIRECTIONS

The research presented in this thesis has improved our knowledge of African lion
reproductive biology and has provided the foundation upon which future studies on lion
reproduction and nutrition can based. As wild lion populations dwindle, there may be a
time when captive insurance populations and assisted reproductive techniques are
necessary to help save the species. If we continue to study reproduction in lions and
develop methodologies for ARTs such as artificial insemination and in vitro fertilization
before the situation becomes dire, we have a greater chance to be successful in
conserving them. The results of the thesis establish basic reproductive parameters that are
necessary in order to develop ARTs. In association with the development of ARTs, a
genome resource bank (GRB) for lion semen samples should be established to organize
and store semen samples collected during reproductive assessments to preserve the
genetics in perpetuity. This would allow the SSP to bring back founders’ genes into the
population in the future. Additionally, importing semen samples collected from wild
males for use in captive populations would essentially add founders without having to
transfer animals.
On the other end of the spectrum, population control is sometimes necessary in
captivity and in reserves of finite size. We need to establish an easily reversible method
to contracept lions in instances where a population reaches carrying capacity to control
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the number of births until enough animals age out of the population. Reversal in the
current contraception method, GnRH-agonist implants, is not predictable and the duration
of efficacy is variable among individuals. Future studies on the reversal rate and the longterm impact of the agonist on the HPG axis are warranted. Other options of reliable,
reversible contraceptives need to be identified or created for contraception in wildlife
species.
One of the major conclusions from this thesis is that both male and female captive
lions undergo puberty at an earlier age than previously described in their wild
counterparts. This is important for housing lions in captivity; to prevent incest, cubs
should be separated from their opposite sex parent before 1.5 yr. The SSP requires zoos
be able to house their cubs for at least two years while facilities are lined up to take the
young animals which could include the separation by gender at puberty to prevent
breeding. Housing sons with their fathers and daughters with their mothers has been a
successful method for preventing incest at the National Zoological Park after each of two
sets of litters (C Saffoe, personal communication). In line, Brown et al. (1991)
recommended assessments of the changes in semen quality during puberty should be
evaluated. Evaluations could be used to better define the initiation of spermatogenesis as
well.
Furthermore, there is not a lot of data available on the physiological changes
involved with early-onset puberty. Examinations into the effect of nutrition and diet on
puberty onset would be beneficial to captive species. Animals housed in AZA facilities
are provided high-quality diets and nutritionists are consulted for diet compositions,
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however while animals maintain a good body condition score while growing it’s possible
that they may be growing at a rate that is detrimental to the skeletal or muscle systems. It
would be interesting to look at medical records of imported individuals and compared
them to captive-born counterparts to see if there was an increased incidence of health
problems in captive animals.
In addition to the need for research on young animals and the onset of puberty,
aged animals are another population of captive lions that need additional study. With
optimal veterinary care and proper diet, lions can live to > 20 yr in captivity. There is
little information about reproductive senescence in these animals. Females are not bred
after ~15 yr in order to avoid the additional physiological pressures pregnancy can impart
on their bodies, we are unsure if they are still cycling. There isn’t behavioral or hormone
data to determine their cyclicity status. Similarly, there isn’t information available about
male lion fertility (semen quality or hormone data) as they age. Fecal collections,
hormone analysis and behavioral data in both males and females through 20 yr could help
describe any potential reproductive senescence and could impact breeding
recommendations by the SSP. Also, semen evaluations could better identify any
termination of gametogenesis in older males.
These recommendations for future research in relation to lion reproductive
biology would improve our ability to manage them in captivity. Additionally, the better
we understand the species, the greater the chance of success in achieving successful
ARTs in the future. The techniques may be necessary to maintain genetic diversity within
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insurance populations if in situ conservation efforts are not enough to preserve the
African lion in their natural habitat.
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APPENDIX I: Biological validation of fecal androgen metabolites

CODING:
Black circle data points: FAM
Black arrows: Indicates when each photo was taken
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Fecal Androgens (µg/g)
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Age (yr)
Fecal androgen metabolite (ug/g) for SB248 in relation to secondary sexual characteristics. Photo A (pubertal; 1.93 yr) shows some mane development on the chest
and around the face, excluding between the ears. Photo B (subadult; 2.15 yr) indicates further mane development, including between the ears and along the neck. Photo C
(adult; 3.36 yr) displays the mane filling out and lengthening around the face and presence of hair behind the front legs. Photo D (4.33 yr) exhibits mane darkening,
additional growth along the back and behind the front legs, and lengthening throughout.

APPENDIX II: Individual male African lion gonadal and adrenal hormone
profiles.

CODING:
Black circle data points: FAM
Grey diamond data points: FGM
Red filled arrow: Positive for spermaturia
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APPENDIX III: Individual female African lion gonadal and adrenal hormone
profiles

CODING:
Black square data points: FEM
White circle data points: FPM
Grey diamond data points: FGM
Green data point: Peak FEM
Black horizontal bar: NPLP
Orange horizontal bar: PLP
Grey horizontal bar: Oral MA treatment
Blue vertical bar: Breeding
Grey vertical bar: Contraception-induced estrus event
Black filled arrow: Contraception treatment
Open arrow: Contraception removal
Black triangles: Breeding attempts by male
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