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Abstract

The Iberian lynx (Lynx pardinus) is the most endangered felid in the world. Adequate genetic management of in situ and ex situ
populations, and linkage between both, require knowledge on male reproductive biology and factors influencing it. We examined the
influence of age, free-ranging versus captive conditions and seasonality on phenotypic, endocrine and semen traits, and links between
reproductive traits and male fertility. Males had relatively small testes, produced low-sperm numbers, a low proportion of normal sperm,
and a high proportion of motile sperm. Young (2-year-old) males had lower testosterone levels, fewer sperm, and a lower proportion of
motile and normal sperm than >4-year-old males. No major differences were found in semen traits before and after the mating season or
between free-ranging and captive males, although the latter had better sperm motility. Males with larger relative testes weight and more
sperm copulated more frequently, whereas males that produced more sperm with higher motility produced more cubs per female.

In conclusion, small relative testes size and low sperm quality could indicate either low levels of sperm competition or high levels of
inbreeding. Young males are probably subfertile; there is a slight trend for males in the captive breeding programme to have better semen
quality than wild males, and males with higher sperm production are sexually more active and more fertile. These findings have major
implications for decisions regarding which males should breed, provide samples for the genetic resource bank, or participate in
programmes involving the use of assisted reproductive techniques.
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of Iberian lynx in central Spain has been presented
(Alda et al. 2008). Anthropic factors are presumed to be
a major cause of population decline (Rodriguez &
Delibes 2004).

For many vyears, conservation efforts have focused
exclusively on the ecology and in situ conservation of the
species (Valverde 1963, Delibes 1979, Palomares et al.
2001, 2005, Fernandez et al. 2002). Recently, an ex situ
conservation programme including captive breeding and

Introduction

The lIberian lynx is regarded as the world’s most
endangered felid and the most threatened carnivore in
Europe (Nowell & Jackson 1996). The species is the only
feline included in the category ‘critically endangered’ of
the IUCN/SSC Red List IUCN 2009). The Iberian lynx is
endemic to the Iberian Peninsula and was once
distributed throughout it (Blanco 1998, Rodriguez

2007), although at present the natural population has
about 200 individuals (Guzman Lopez-Ocon et al. 2002)
distributed in two reproductively isolated sub-
populations (Johnson et al. 2004) that inhabit Southern
Spain (Blanco 1998, Rodriguez & Delibes 2003,
Rodriguez 2007). Recently, evidence for the presence
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a genome resource bank had been initiated with the aims
of maintaining a genetic- and demographically-mana-
ged captive population and generating new free-ranging
populations through reintroduction (Vargas et al. 2007,
2008, 2009). Conservation of the Iberian lynx using both
in situ and ex situ approaches will benefit from the use of
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assisted reproductive technologies (Wildt 1990, Lasley
et al. 1994, Pukazhenthi & Wildt 2004, Roldan &
Garde 2004, Pope et al. 2006, Swanson 2006) that
would allow gene flow between populations separated
by space or time (Pukazhenthi et al. 2006a, Swanson
etal. 2007, Roldan & Gomendio 2009). In particular, the
collection, evaluation and conservation of spermatozoa
will require essential baseline knowledge on lynx
reproduction (Wildt 1994, Wildt et al. 1995) for the
development of sperm cryopreservation and artificial
insemination, and for reproductive examinations of
captive or free-ranging males before the beginning
of the breeding season.

Little is known about Iberian lynx reproductive
physiology. The breeding season takes place from
December to February or March, with a peak in female
receptivity (oestrus) in January. Births are concentrated
in the last 2 weeks of March and the first days of April.
Males do not usually sire cubs before they are
3-years-old (F Palomares, unpublished data). Individ-
uals older than 10 years are unlikely to breed although
there are some reports of older animals siring young
(Blanco 1998). Reproductive traits can be affected by a
variety of factors such as inbreeding, age, physical
condition, as well as by environmental factors such
as seasonality and living conditions (e.g. captive or
free-ranging).

Genetic variability in Iberian lynx is low (Johnson
et al. 2004, Godoy et al. 2009), probably as a
consequence of high levels of inbreeding among
current populations, and this may negatively affect
reproductive traits. Evidence suggesting a potential link
between inbreeding and reproductive characteristics
has been reported in cheetah (Acinonyx jubatus; Wildt
et al. 1983, 1987b, Roth et al. 1995), Florida panther
(Puma concolor coryi; Barone et al. 1994) and lion
(Panthera leo; Wildt et al. 1987a), and studies on other
taxa have shown that there is a clear relationship
between levels of inbreeding and semen quality at the
individual level (reviewed in Roldan et al. 2006a). Age
is known to influence the quality of semen parameters,
with young animals showing suboptimal traits (e.g.
cheetah; Crosier et al. 2007). Seasonal differences may
relate to changes in photoperiod, temperature or
availability of food resources. Among seasonal breeders,
females are known to restrict their reproduction to a
limited period of time, but less is known about changes
on male reproductive potential throughout the year.
Some male felids are markedly seasonal, such as Pallas’s
cat (Otocolobus manul;, Swanson et al. 1996), snow
leopard (Panthera uncia; Johnston et al. 1994), Arabian
leopard (Panthera pardus nimr, Haas van Dorsser &
Strick 2005), Eurasian lynx (Lynx lynx; Jewgenow et al.
2006) and bobcat (Lynx rufus; Gafan et al. 2009a). In
contrast, male felids living in the tropics do not have a
marked breeding season: caracal (Caracal caracal;
Bernard & Stuart 1987), ocelot (Leopardus pardalis;
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Morais et al. 2002), tigrina (Leopardus tigrina; Morais
et al. 2002), margay (Leopardus wiedii; Morais et al.
2002), jaguar (Panthera onca; Morato et al. 2004) or
clouded leopard (Neofelis nebulosa; Wildt et al. 1986).
Since the lberian lynx lives in Mediterranean zones,
where seasonal changes are less marked than at higher
latitudes, it is possible that males of this species
continue to produce spermatozoa over a period of
several months. Although comparisons between wild
and captive populations have found no differences in
semen quality in cheetah, Pallas’s cat or black-footed
cat (Felis nigripes;, Wildt et al. 1983, 1987b, 1993,
Swanson et al. 2007), some authors have found poorer
sperm quality in captive populations (jaguars: Morato
et al. 2001). These differences are most likely due to
the conditions in which animals are kept in captivity
(e.g. space available, quality of the diet), as well as the
physical condition of animals in the wild populations.
Finally, traits and functional capacity of spermatozoa
may also vary depending on whether sperm cells were
collected via electroejaculation or from epididymides of
dead animals. In domestic cats there are few functional
differences in between ejaculated or epididymal
spermatozoa (Luvoni 2006, Tebet et al. 2006) but little
information exists for wild felids.

The aims of the present study on reproductive
characteristics of Iberian lynx males were to 1) assess
Iberian lynx semen traits, 2) examine the effect of age on
semen quality, 3) compare sperm parameters between
captive and free-ranging males, 4) explore possible
relations between sperm traits, 5) compare male
reproductive characteristics before and after the breed-
ing season, 6) compare ejaculated and epididymal
sperm traits, and 7) assess possible relations between
semen traits and male fertility.

Results

Phenotypic, endocrine and seminal traits in different
age groups

Iberian lynx males (Fig. 1A) reached maximum body
size when they were over 3-years-old. Maximum values
for head length (17.740.3 cm), total length (104.7
+1.4 cm), withers height (46.7 0.6 cm) and thoracic
perimeter (45.640.8 cm) were attained in >4-year-old
males, although these values were not statistically
different from those recorded in males that were
<3 years old.

In males electroejaculated at the end of November
and beginning of December, just before the breeding
season, significantly higher body weights (P=0.04) were
found in animals that were >4 years old when
compared to 2-year-old males; no significant differences
were seen between 3- and >4-year-old males. Testes
weights (P<0.01) were significantly lower in 2-year-old
males in comparison to the other two age groups.
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Figure 1 (A) Iberian lynx male from the captive breeding programme.
(B) Penis of an Iberian lynx male; note the very small spines. (C) Iberian
lynx spermatozoa stained with Coomassie brilliant blue and examined
under bright field optics; morphology: 1) normal, 2) abnormal
midpiece, 3) bent midpiece, 4) bent principal piece, 5) coiled
flagellum; acrosome status: IN, intact, D, damaged, M, missing.

Despite these differences, relative testis weight was
not different among the three age groups (Table 1).
Circulating testosterone and cortisol levels were
significantly higher in >4-year-old in comparison to
2-year-old males (Table 1). Testosterone levels in 3-year-
old males were not different from the other two groups.
The penis revealed the presence of small spines in
the central area (Fig. 1B), but such spines were not
present in all males.
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Volume of the entire ejaculate and sperm concen-
tration were lower in 2-year-old males (Table 1),
although differences did not reach statistical signi-
ficance. Total number of sperm in the ejaculate was
significantly higher in >4-year-old males than in
2-year-old animals; in 3-year-old males total sperm
numbers were intermediate between those in younger
or older males but were not significantly different
from them. Significant differences were found
between younger and older males in semen pH,
with younger males producing semen with pH
~7.0, whereas older males’ semen had a pH ~8.0
(Table 1). Younger males (2 years old) produced
semen with significantly lower motility (percentage of
motile sperm and sperm motility index (SMI)) than
> 4-year-old males. Finally, although 2-year-old males
had lower percentages of sperm with intact acrosomes
than >4-year-old males, differences were not statisti-
cally significant (Table 1). Two-year-old males had a
larger proportion of abnormal sperm than >4-year-
old males, particularly in the principal and terminal
piece (Fig. 1C, Table 2).

Testicular, endocrine and seminal traits in captive and
free-ranging animals

There were no differences between males in different
environments with the exception of a significantly lower
percentage of motile spermatozoa in free-ranging males
(58.3£6.3%) than in captive ones (77.8 +4.9%;
P=0.04; Table 3). In agreement with this, two indices
including motility (SMI and motility, quality and
acrosome index (MQA)) were significantly lower in
free-ranging males.

Phenotypic, endocrine and seminal traits before and
after the mating season

Comparisons between ejaculates obtained from the
same captive males in November—December (before
the breeding season) and February—April (after the
breeding season) revealed no significant difference
(Table 4).

Semen fractions

Sperm traits of each of the four semen fractions collected
during electroejaculation from all males older than
3 years were compared. Significant differences between
series were found in the total number of spermatozoa,
being higher in the first series (4.141.5X10° sperma-
tozoa) than in the other three series of the electro-
ejaculation (1.0+£0.3, 0.5+0.1 and 0.3+0.2X10°
spermatozoa in the second, third and fourth series
respectively; P=0.03 in all cases; Fig. 2). In free-living
>4-year-old males, although the number of sperm was
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Table 1 Testicular, endocrine and semen traits of captive Iberian lynx males of three age groups just before the mating season.

Age of males

2 years (N=4) 3 years (N=4) >4 years (N=4) Kruskal-Wallis test

Body weight (kg) 9.74+0.46° 11.340.69P 13.140.95" *

Total testes weight (g) 1.740.04 2.340.03" 2.3+40.11° *

Relative testes weight (X10™% 1.7+0.08 2.04+0.12 1.71+0.08 NS
Testosterone (ng/ml) 0.30£0.14° 0.5940.19%" 0.83£0.16" NS (P=0.15)
Cortisol (ug/dl) 9.0+1.86 17.743.47° 20.0+4.57° *

Ejaculate volume (ul) 279.7456.03 333.24118.61 333.5+32.43 NS

Semen pH 7.440.14° 7.640.23%0 8.04+0.03° *

Sperm concentration (X 10° sperm/ml) 6.6 1+4.44 11.7£5.02 29.5+£10.79 NS

Total sperm number (X 10°) 1.440.84% 3.6+1.53*P 9.1+2.68" *

Motility (%) 70.1+3.85 83.2+3.33%" 86.0+4.21° NS (P=0.07)
Quality of motility (scale, 0-5) 2.740.25 3.61£0.33 3.24+0.19 NS

Sperm motility index (SMI) 62.6+4.25° 77.3+3.89° 74.8+3.70%" NS (P=0.08)
Intact acrosome (%) 66.9+11.62 66.8+7.21 70.5+6.94 NS

Motility, quality and acrosome index (MQA) 65.34+7.20 73.8+4.12 73.4+2.33 NS

Relative testes weight=Total testes weight/body weight. Sperm motility index (SMI)=(% sperm motility + (20X quality of motility))/2. Motility,
quality and acrosome index (MQA)= (% sperm motility +(20 X quality of motility)+ % intact acrosome)/3. *Significant differences (P<0.05) and
NS, non significant differences after a Kruskal-Wallis one-way ANOVA by ranks. Comparisons between age groups were done using a Mann—
Whitney test; between columns (age groups), different letters indicate significant differences (P<0.05).

slightly higher in the first fraction, no significant
differences were found for this or for any of the other
sperm traits (data not shown).

Relation between ejaculate traits

We examined possible relations between phenotypic
and sperm traits in males that were >3 vyears of age.
There was a significant relation between serum testoster-
one levels and ejaculate volume (r,=—0.51; P<0.05)
and also between testes weight and ejaculate volume
(re=0.56; P<0.01). No associations were found
between relative testes weight, or testosterone, and
sperm parameters. There was a significant relationship
between semen pH and the percentage of normal
spermatozoa (r;=0.52; P<0.05) as well as the percen-
tage of intact acrosomes (r;=0.42; P=0.05). No
association was found between the total number of
spermatozoa and the percentage of normal spermato-
zoa. A significant relation was observed between
percentage of motile sperm and the quality of motility
(r;=0.66; P<0.01). In addition, the percentage of motile

spermatozoa was significantly correlated with the
percentage of intact acrosomes (r,=0.46; P<0.05).
Lastly, there was a significant correlation between the
percentage of normal spermatozoa and the percentage
of intact acrosomes (r,=0.74; P<0.01) as well as the
MQA index (r,=0.55; P<0.01).

Epididymal spermatozoa

We attempted to recover spermatozoa post mortem
from six males that died in the field. Testes and
epididymides (usually one from each male) were
recovered and examined between March 2005 and
April 2008. Testes weight and sperm parameters were
adjusted to account for values of both testes. Spermato-
zoa could be collected from four out of six males
(Table 5). We observed considerable differences
between males, mainly in the total number of sperma-
tozoa (range: 0.5-31.1 X 10° spermatozoa) and in the
proportion of normal sperm (range: 17-54%; Table 5).
Average values of epididymal sperm traits were similar to
those observed in ejaculates from live free-ranging males

Table 2 Morphologically abnormal sperm of captive Iberian lynx males of various age groups, just before the mating season.

Age of males

2 years (N=3) 3 years (N=4) >4 years (N=4) Kruskal-Wallis test
Morphologically abnormal sperm (%) 73.5+3.59? 65.2 +4.90*° 56.2+4.20° NS (P=0.1)
Abnormal head (%) 8.3+£5.80 4.6+3.21 52%1.76 NS
Dettached head (%) 3.1+£0.73 12.7+5.68 7.61+2.66 NS
Abnormal midpiece (%) 35.0£8.31 28.3+3.69 27.3+3.89 NS
Abnormal principal and terminal piece (%) 27.0+2.56 19.1+2.55*P 15.2+1.06" *
Sperm with citoplasmatic droplet (%) 17.0+5.86 10.942.91 16.6+3.33 NS

*Significant differences (P<0.05); NS, non significant differences after a Kruskal-Wallis one-way ANOVA by ranks. Comparisons between age
groups were done using a Mann-Whitney test; between columns (age groups), different letters indicate significant differences (P<0.05).
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Table 3 Testicular, endocrine and semen traits of free-ranging and
captive Iberian lynx. Males were >3 years old.

Free-ranging Captive
(N=4) (N=9)
Age (years) 7.0£1.78 4.610.69
Body weight (kg) 14.340.80 12.440.63
Total testes weight (g) 3.0+0.38 2.240.08"
Relative testes weight (X1 04 2.1+£0.27 1.84+0.12
Testosterone (ng/ml) 1.17+£0.40 0.77+0.12
Cortisol (nug/dl) 10.84+0.82 19.9+2.53
Ejaculate volume (ul) 470.2+83.36 341.4+43.63
Semen pH 7.4+0.26 7.810.12
Sperm concentration 10.1+4.06 20.5+£5.95
(X 10° sperm/m 1)
Total sperm (X10% 5.3+2.76 6.8+1.58
Motility (%) 58.3£6.30° 85.6+2.25"
Quality of motility (scale, 0-5) 2.74+0.32 3.34+0.11
Sperm motility index (SMI) 55.8+5.83° 75.74+2.04>
Morphologically normal sperm (%)  25.9+5.95 33.0+4.30
Intact acrosome (%) 49.9+49.53 68.8+4.42
Motility, quality and acrosome 53.7+6.72% 73.8+2.10°

index (MQA)

Results are means +s.e.m. of samples collected in November—
December, just before the mating season. Seminal traits are mean of
whole ejaculate. Relative testes weight=Total testes weight/body
weight. Sperm motility index (SMI)=(% sperm motility +(20 X quality
of motility))/2. Motility, quality and acrosome index (MQA) = (% sperm
motility +(20 X quality of motility) +% intact Acrosome)/3. Compari-
sons between age groups were done using a Mann-Whitney test;
between columns (age groups), different letters indicate significant
differences (P<0.05).

from the Dofana population. There were differences in
total testes weight and relative testes weight between
free-ranging and captive males, with higher values in
post mortem samples (compare values for free-ranging
males in Table 3 with average values in Table 5). The
sperm of two out of four males had no motility probably
as a consequence of the period of time elapsed from the
time these animals died until spermatozoa were
recovered.

Relations between semen traits and male fertility

We analyzed breeding outcomes of captive males
throughout 2006-2008 and compared these data with
semen characteristics of the same males as assessed after
electroejaculation about 1.5-2 months before the
breeding season. Only mating of males and females
that were >3 years old were considered. In a given
mating season, each reproductive male was housed with
a single female at a time; some males were later paired
with a different female in a separate enclosure.

There were significant correlations between males’
relative testes weight and the average number of matings
per female (r,=0.65; P=0.02; not shown), as well as
with the number of matings with the first female when a
male was scheduled to mate twice (r,.=0.75; P=0.01;
Fig. 3A). Moreover, a significant correlation was
observed between the total number of spermatozoa in

www.reproduction-online.org

Iberian lynx male reproduction 5

the ejaculate and the number of copulations with the first
female with which he mated (r;=0.63; P=0.03; Fig. 3B).
Semen traits were also related to the number of cubs
delivered by females, as seen when comparing females
that gave birth to two versus three cubs (Fig. 3C and D).
Thus, a higher total number of spermatozoa in the
ejaculate was significantly associated with a higher
number of cubs (Mann-Whitney U=2.00; P=0.05;
Fig. 3C). Furthermore, better sperm motility (as revealed
by the SMI) in the ejaculate was observed in males that
sired three cubs per female in comparison to males that
sired two cubs per female (Mann-Whitney U=0.00;
P<0.05; Fig. 3D).

Discussion

In the present study, we provide the first assessment of
phenotypic, endocrine and semen traits of critically
endangered captive and free-ranging Iberian lynx. The
results have uncovered differences related to male’s age,
but no major difference between captive or free-ranging
individuals, or between ejaculated and epididymal
spermatozoa. Furthermore, we found co-variation
between ejaculate traits and relationship between
phenotypic and seminal traits and fertility of males in
the captive breeding programme.

Testes weight in Iberian lynx and, consequently,
relative testes weight are low when compared to other
mammalian species (Kenagy & Trombulak 1986, Franca
& Godinho 2003). Moreover, the absolute and relative
testes weight of Iberian lynx are also low compared with
other felid species with similar body mass such as
the caracal (Bernard & Stuart 1987), the fishing cat

Table 4 Phenotypic, testicular and semen traits of captive Iberian lynx
males before and after the mating season.

Before breeding
season (N=3)

After breeding
season (N=3)

Ejaculate volume (ul) 453.0+73.16 660.7+178.23

Semen pH 8.0£0.15 7.710.21

Sperm concentration 8.1+£3.86 20.7£7.41
(X 10° sperm/ml)

Total sperm (X 10°) 3.3%1.13 15.24+6.76

Motility (%) 76.7£6.71 62.1+14.32

Quality of motility 3.14+0.11 2.8+0.12
(scale, 0-5)

Sperm motility index (SMI) 69.1+4.35 59.4+8.15

Morphologically normal 21.743.33 20.141.84
sperm (%)

Intact acrosome (%) 40.1+3.50 33.1+1.24

Motility, quality and 59.5+2.75 50.6+5.75

acrosome index (MQA)

Results are mean £s.e.m. of samples from the same males collected in
February—April and in November—-December. Sperm motility index
(SMI)=(% sperm motility + (20 X quality of motility))/2. Motility,
quality and acrosome index (MQA)=(% sperm motility + (20X quality
of motility) + % intact acrosome)/3. Comparisons between groups were
done using a Wilcoxon’s test for paired samples; there were no
statistical differences between groups.
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Figure 2 Sperm traits of the four electroejaculation fractions collected
from captive Iberian lynx males >3 years old. Different letters indicate
significant differences (P<0.05) between series.

(Prionailurus viverrinus; Thiangtum et al. 2006) or the
ocelot (Stoops et al. 2007). Iberian lynx has a testes mass
that is even smaller than that observed in smaller wild
felids such as the tigrina (Morais et al. 2002) or the
margay (Morais et al. 2002) with a body mass four times
smaller, or the Pallas’s cat (Swanson et al. 1996) with
body mass two to three times smaller. On the other hand,
testicular traits are similar to those seen in the Eurasian

lynx (Jewgenow et al. 2006) and bobcat (Gafian et al.
2009a). Low relative testes weight is unlikely to be
related to poor nutrition or stress, since no differences
were found between individuals from captive and
natural populations. In addition, the fact that the testes
size value obtained before and after the breeding season
were similar, suggests that seasonality cannot explain the
small relative testes size observed. Since relative testes
size is a reliable indicator of levels of sperm competition
(Gomendio et al. 1998), it may reflect very low levels of
female promiscuity in the field. However, the possibility
that low levels of genetic variability in our lynx
populations may also influence their relative testes size
cannot be eliminated.

The total number of spermatozoa collected from
electrostimulated adult Iberian lynx males was low
compared with values recorded in other medium-sized
felids, including other lynx species such as the bobcat
(Ganan et al. 2009a), but were higher than those
reported for the Eurasian lynx (Jewgenow et al. 2006).
The present results agree with differences in testis weight
between the species (reviewed in Ganan et al. 2009b).
The percentage of motile spermatozoa and of sperma-
tozoa with intact acrosomes was, in general, lower than
that observed in other medium-sized felids such as
ocelot, caracal, serval or fishing cat (Ganan et al. 2009b)
but higher than those in Eurasian lynx (Jewgenow et al.
2006) or bobcat (Ganan et al. 2009a). The proportion of
morphologically normal sperm in the ejaculate varies
widely among felids (Pukazhenthi et al. 2006¢), but
teratospermia (more than 60% abnormal spermatozoa in
the ejaculate) has a high prevalence in this family. Males
of Iberian lynx produced on average a low proportion of
morphologically normal sperm when compared with
predominantly normospermic species like the ocelot
(Baudi et al. 2008) or serval (Leptailurus serval;
Pukazhenthi et al. 2002). However, values of normal
sperm in lIberian lynx are similar to those recorded

Table 5 Phenotypic, testicular and sperm traits from Iberian lynx recovered post mortem.

Male

FM1 FM2 FM3 FM4 Mean %s.e.m.
Date of death 14/03/05 17/04/06 14/03/07 18/03/07
Age (years) 2 3 4 11 5.0+2.04
Cause of death Road kill Road kill Infection Infection
Body weight (kg) 11.00 ND 12.35 8.26 9.2+1.61
Total testes weigth (g) 5.14 5.92 6.11 4.70 5.4+0.28
Relative testes weight (X10™%4 4.67 ND 4.95 5.69 5.14+0.31
Total number of sperm (X1 0% 7.31 31.15 0.55 1.96 10.2+1.78
Motility (%) 0 45 0 50 47.5+£2.5
Qualtiy of motility (scale, 0-5) 0 2 0 2.5 2.2+0.25
Sperm motility index (SMI) 0 42.50 0 50.0 46.2+3.75
% Viable spermatozoa 48 68.25 23 ND 46.4113.09
Morphologically normal sperm (%) 38 54 17 18 31.7%£5.92
Intact acrosome (%) 32 32 44 46 38.5+3.79
% Sperm without cytoplasmic droplet 67 94 95 72 82.0%+7.47

All males were from the Donana area. Relative testes weight=Total testes weight/body weight. Sperm motility index (SMI)= (% sperm motility +

(20X quality of motility))/2. ND, not determined.
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Figure 3 Relations between phenotype or semen traits of captive Iberian
lynx and male fertility (N=12). (A) Relation between relative testis
weight (X1 0™% and number of matings with the first female when
males mated with two females on separate occasions in different dates
(,=0.75; P=0.01). (B) Relation between total sperm number (X 10
and number of matings with the first female (r,=0.63; P=0.03).

(C) Differences in total sperm number (X 10 in males siring two or
three cubs after mating with the first female (Mann—Whitney U=2.00;
P=0.05). (D) Differences in SMI in males siring two or three cubs after
mating with the first female (Mann-Whitney U=0.00; P=0.01).

in Eurasian lynx (Howard 1993) and higher than
those observed in the bobcat (Ganan et al. 2009a) or
species with extremely high levels of teratospermia such
as cheetah (Roth et al. 1995) and the Florida panther
(Barone et al. 1994). It has been claimed that an increase
in the proportion of abnormal spermatozoa is associated
with an increase in sperm numbers in teratospermic
cats (Neubauer et al. 2004) but we have not found
a significant association between these traits in the
Iberian lynx.

Iberian lynx reproductive traits, especially the low
percentage of normal spermatozoa, and low circulating
testosterone levels, may be related to low levels of
genetic variability seen in this species, which is among
the lowest documented for a felid species (Johnson et al.
2004). Previous studies have found that the high levels
of teratospermia and the decrease in some male
reproductive characteristics in the cheetah (Wildt et al.
1983, 1987b, Roth et al. 1995), lion (Wildt et al. 1987 a)
and the Florida panther (Barone et al. 1994) are
associated with low genetic variability. Future studies
should address whether this is also the case in Iberian
lynx and, moreover, whether the different levels of
genetic variability in the two isolated populations
(Johnson et al. 2004) differentially affect male phenotype
and sperm quality.

Young males (2 years of age) had poorer semen quality
than older males (>4 years of age), despite a lack of
differences between age groups in relative testes size.

www.reproduction-online.org
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Thus, 2-year-old males were smaller in size, had lower
absolute testes weight and testosterone levels, and
ejaculated fewer sperm, with poorer motility and a
higher proportion of abnormal sperm than older
individuals. Males in the intermediate age group
(3 years of age) showed semen traits with intermediate
values and not significantly different from the younger or
older groups. These results, thus, suggest that males that
are 4 years or older could be regarded as sexually
mature, whereas 2-year-old males may be regarded as
juveniles. The intermediate, 3-year-old males, could be
considered as subadults which have not yet reached the
peak of ejaculate quality, although some males in this
age group may have a semen quality similar to that of
older individuals.

No differences were found between male reproductive
traits before or after the breeding season. We could not
examine male traits at the peak of the mating season to
avoid disturbing animals either in free-ranging or captive
populations. It is possible that although females have a
restricted period of receptivity, males continue to
produce spermatozoa until later in the year and future
studies should address this possibility. Differences were
detected in testes weight and relative testes weight
between measures taken in vivo and those collected
post mortem. The higher value identified in testes
collected from dead animals and transported to the
laboratory could be due to the removal of the scrotum
and tunica albuginea that would normally compress the
testes and, as consequence, result in smaller testes
measures in live animals.

There were no major differences in sperm traits
between captive and free-ranging animals; the only
difference observed was a higher proportion of motile
spermatozoa in captive individuals. These results are
consistent with those found in the cheetah, where no
differences were observed between captive and free-
ranging individuals (Wildt et al. 1987b, Crosier et al.
2007). This is not entirely surprising given that 1) most
captive Iberian lynx have been introduced to captive
conditions recently, 2) they receive a balanced diet,
and 3) they inhabit large semi-natural enclosures. Our
results contrast with evidence from the jaguar, in which
free-ranging males produced a higher number of
spermatozoa, and had more spermatozoa with normal
morphology that males kept in zoos (Morato et al. 2001),
differences that were perhaps a result of suboptimal
captive conditions.

Some clear associations between phenotypic traits
(relative testes weight) or sperm traits (total number of
sperm, sperm motility) and males’ fertility were found.
The relative testes weight and number of spermatozoa
showed significant relationship with number of copula-
tions, whereas number of sperm, and sperm motility
were associated with the number of cubs sired per
female. These are important results that would allow us
to assess in the future the reproductive potential of males
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in the captive breeding programme before the mating
season. Previously, it has been difficult to establish
clear links between sperm traits and male fertility in
felids, possibly due to the limited number of males
in captive conditions and the fact that they are scattered
around many zoos. In other wild species, in which
larger numbers of animals were examined, some clear
associations between sperm traits and male fertility were
uncovered (Malo et al. 2005, Gomendio et al. 2007).

In summary, our study revealed that in the Iberian
lynx, 1) it is possible to collect semen from free-ranging
males, 2) males appear to reach full sexual maturity at
~4 years of age, 3) there are no major differences in
sperm characteristics between captive and free-ranging
animals, 4) there are no differences between semen
samples collected before or just after the mating season,
5) it is possible to recover motile epididymal spermato-
zoa from dead animals, and 6) several phenotypic and
seminal traits correlate significantly with male sexual
behaviour and fertility.

Material and Methods
Animals

Captive Iberian lynx were kept at three breeding centres:
‘El Acebuche’ (Dofiana National Park, Huelva), ‘La Olivilla’
(Sierra Morena range, Jaén) and ‘Zoobotanical Garden’ (Jerez
de la Frontera, Cadiz), all in Spain. All the males were
originally trapped in the wild and, after suitable quarantine
periods, were kept in captivity, with the exception of one male,
Studbook (SB) number 14, who was the first male born in
captivity. Males were kept under semi-natural conditions in
individual enclosures with visual, auditory and olfactory
contact with conspecific males and females. The enclosures
had natural mixed Mediterranean vegetation. Animals were fed
a balanced diet that was based on commercially-bred live
rabbits, as well as rabbit carcasses, beef or quails, the latter
three with vitamin supplements. Males (2-8 years old) were
electroejaculated just before the breeding season in 2005,
2006 or 2007 and some were electroejaculated at the end
of the season.

Free-ranging males (4-11 years old) inhabited the Dofana
National Park, Huelva, Spain. Animals were electroejaculated
before the breeding season in 2006. All the males were trapped
in the wild and released again following adequate recovery
after anaesthesia.

For both captive and free-ranging males, age at the time of
electroejaculation was rounded up, for the sake of simplicity,
taking into account that births occur in March-April. For
example, although males born in March 2004 were 33 months
old when electroejaculated in December 2006, they were
regarded as 3-years-old for analyses.

All animal manipulations were performed in accordance
with the Spanish Animal Protection Regulation, RD1201/2005,
which conforms to European Union Regulation 2003/65, and
with the necessary permits from the Andalusian government
(Consejeria de Medio Ambiente, Junta de Andalucia, Spain).

Reproduction (2009) 139 1-12

Sperm collection and evaluation

For semen collection, both in the field and in captivity, males
were anaesthetised with tiletamine hydrochloride plus zolaze-
pam (10 mg/kg body weight; Zoletil, Virbac, Carros, France) or
with ketamine hydrochloride (5 mg/kg; Imalgene 1000, Merial,
Lyon, France) plus medetomidine hydrochloride (50 pg/kg;
Domtor, Orion Pharma, Spoo, Finland). Medetomidine effects
were reversed by injection of atipamezole hydrochloride
(250 pg/kg; Antisedan, Pfizer, Madrid, Spain).

Body weight and body and testicular dimensions, were
obtained before electroejaculation. Testes weight was calcu-
lated from the volume of each testis as described by Harcourt
et al. (1995).

Electroejaculation was carried out following the procedure
described by Howard (1993). A lubricated rectal probe
(17.9 cm length and 13.45 mm diameter; P.T. Electronics,
Boring, OR, USA) with three longitudinal electrodes (35.7 mm
in length) was placed in the rectum, with the electrodes at the
level of the prostate and bulbourethral glands, and voltage
applied. Electrical stimulations were delivered using a 60-Hz
sine-wave stimulator (P.T. Electronics). Stimuli were delivered
in sets of 10 stimulations at each voltage (range 2-5 V) with
the total sequence divided into four series (first series: 2, 3, 4 V;
second series: 3, 4, 5V; third series: 4, 5V; fourth series:
4, 5V). Semen was collected in prewarmed sterile 25 ml
polypropylene cups (LabCenter, Madrid, Spain).

Semen obtained in each series was evaluated immediately
for volume (using a micropipette) and pH (using test strips;
Medi-Test Combi 9, Machereg-Nagel, Diiren, Germany).
A semen aliquant (5 pl) was examined under phase contrast
optics to assess the percentage of motile spermatozoa and the
quality of movement (using a scale of 0-5, where 0 is no
movement and 5 represents rapid, linear forward progression;
Howard et al. 1986). Motility values were used to calculate a
SMI using the formula (% motile sperm+(qualityx20))/2
(Howard 1992).

From each electroejaculation series semen aliquants were
fixed with 1% glutaraldehyde solution in 0.165 M cacodylate
buffer (pH 7.3) and 4% paraformaldehyde in 110 mM
Na;HPO, plus 2.5 mM NaH,PO, buffer solution (pH 7.4;
Ganan et al. 2009a, 2009b). Fixed samples were used to
estimate sperm concentration and to assess sperm morphology
and acrosomal integrity respectively. Concentration was
estimated using a Neubauer counting chamber. For sperm
morphology and acrosomal integrity evaluation, we prepared
smears that were stained with Coomassie brilliant blue (Larson
& Miller 1999). To assess morphology, 100 spermatozoa were
examined and categorized as in previous studies (Ganan et al.
2009a, 2009b). Acrosomal integrity was assessed in another set
of 100 spermatozoa and classified as in other felid species
(Pukazhenthi et al. 2006b, Ganan et al. 2009a, 2009b).
Motility values and the proportion of spermatozoa with intact
acrosomes were used to calculate a MQA thus: (% motile
sperm + (quality X 20)+ % intact acrosomes)/3.

The remaining semen sample was diluted with an equal
volume of Hepes-containing Ham’s F-10 medium (Irvine
Scientific, Izasa, Barcelona, Spain) with 5% heat-inactivated
foetal bovine serum (Gibco Invitrogen) and maintained at room
temperature until the end of the electroejaculation protocol.
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Then, semen was processed for cryopreservation as described
(Gafan et al. 2009b) and stored in a genome resource bank
(Roldan et al. 2006b, 2009).

Collection of epididymal spermatozoa

Spermatozoa were collected from males that died in the field in
the Dofana area. Testes and epididymides were removed as
soon as possible, placed in plastic containers, transported to
the laboratory at 5°C and processed within hours of the
animals’ death. The testes were dissected and measured, the
epididymis separated and cut transversely with a scalpel blade,
and placed in 0.4 ml of Tes—Tris buffer (Ganan et al. 2009b) in a
Petri dish (35X 10 mm Falcon, Becton Dickinson, Le Pont De
Claix, France) for 10 min. The volume of sperm suspension was
measured with a micropipette and transferred to a 1.5 ml sterile
microtube. Sperm motility was assessed and two sperm
aliquots were taken, one to assess concentration and the
other to assess sperm morphology and acrosome integrity;
fixation, staining and sperm assessments were carried out as
described above for ejaculated spermatozoa.

Testosterone and cortisol quantification

Blood samples were collected, centrifuged for serum collection
and samples stored at —80 °C. Serum testosterone and cortisol
were analyzed in a commercial laboratory using a solid-phase,
competitive chemiluminescent enzyme immunoassay (Immu-
lite 1000, Siemens Healthcare Diagnostics, Deerfield, IL, USA).

Statistical analyses

Data were analyzed using SPSS, version 11.5. Results are
presented as mean +s.e.m. A value of P<<0.05 was regarded as
statistically significant. To compare sperm variables between
all three age groups a Kruskal-Wallis one-way ANOVA by
ranks was carried out; comparisons between age group pairs
were done using a Mann-Whitney U test. Ejaculates from free-
living or captive animals were compared using a Mann-
Whitney U test. The comparison of ejaculates collected before
(winter) or after (spring) the breeding season was done using a
Wilcoxon test for paired samples. Analyses of ejaculate
fractions in captive and free-ranging males were carried out
using a non-parametric Friedman test to k-related samples.
When results were significant, a non-parametric Wilcoxon
signed-rank test for paired samples was used.

Relationships between testicular, hormonal and ejaculate
traits and between these and reproductive outcome in captivity
were analyzed by non-parametric Spearman rank correlations.
Differences in total number of spermatozoa and SMI between
males that sired two or three cubs per female were analyzed by
using the Mann-Whitney U test.
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