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a b s t r a c t

Canada lynx face some unique breeding restrictions, which may have implications for population viabil-
ity and captive management. The goal of this study was to improve our understanding of basic reproduc-
tive physiology in Canada lynx. Using fecal hormone metabolite analysis, we established normative
patterns of fecal estrogen (fE) and progestagen (fP) expression in captive and wild female Canada lynx.
Our results indicate that Canada lynx have persistent corpora lutea, which underlie their uncharacteristic
fP profiles compared to other felids. Thus, fP are not useful for diagnosing pregnancy in Canada lynx. We
also found that Canada lynx are capable of ovulating spontaneously. Captive females had higher concen-
trations of fE and fP than wild females. Both populations exhibit a seasonal increase in ovarian activity (as
measured by fE) between February and April. Finally, there was evidence of ovarian suppression when
females were housed together.

� 2010 Elsevier Inc. All rights reserved.

1. Introduction

Canada lynx (Lynx canadensis) are a prominent mesocarnivore
inhabiting North America’s boreal forest, but are listed as a
threatened species (USFWS, 2000). Relatively little is known about
the basic physiology of lynx, particularly reproductive physiology.
Compared to other felids, Canada lynx experience two unique con-
straints on reproduction, which may impact population dynamics,
captive breeding efforts, and conservation programs for this species.

First, Canada lynx are highly seasonal breeders (Poole, 2003).
Their breeding season lasts from late February to early April and
they give birth primarily in May, with a gestation period of 60–
70 days (Nowak, 1999; Ruggiero et al., 2000). Even in the southern
part of their range and in captivity, females only breed once per year
with most kittens born in May. Although the species’ breeding sea-
son lasts about two months, individual females may have a much
more restricted window of mating opportunity. Captive females ex-
hibit signs of estrus or receptive behavior for 1 week or less. Little is
known about estrus in wild lynx, but behavioral indicators suggest

that wild females also have a restricted window of receptivity. Mat-
ing pairs only remain together for several days and females presum-
ably mate with only one male (Ruggiero et al., 2000). There is no
published information about the duration or the length of estrus
in captive or wild Canada lynx (Nowak, 1999).

The second unique characteristic of lynx reproduction is that
population recruitment fluctuates dramatically with snowshoe
hare abundance, especially in the northern part of their range
(Ruggiero et al., 2000). Hare abundance correlates positively with
conception rate, birth rate, average litter size, and kitten survival;
it correlates negatively with female age at sexual maturity (Poole,
2003; Ruggiero et al., 2000). Biologists have speculated that fe-
males ovulate spontaneously when prey densities are high, but be-
come induced ovulators when prey densities are low (Ruggiero
et al., 2000). Thus, lynx reproduction is closely linked to snowshoe
hare population dynamics.

Physiological adaptations to these annual and decadal breeding
restrictions may impact the success of captive breeding and con-
servation programs. It is often assumed that Canada lynx breed
well in captivity, in part because of their prominent place in the
fur industry. However, recent data do not support these claims.
From 2000 to 2008, there has only been one successful lynx birth
(defined as survival of kittens beyond 2 weeks) at an institution
accredited by the American Association of Zoos and Aquariums
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(Goff, 2008). Additionally, the number of private lynx breeders has
been declining recently due to erratic breeding results (L. Culver,
personal communication). Mounting evidence suggests we must
re-evaluate the notion that Canada lynx ‘‘typically do reproduce
prolifically in captivity” (Mellen, 1991); we cannot take successful
breeding for granted.

The goal of this study is to provide basic knowledge about the
reproductive physiology of captive and wild female Canada lynx.
Using the non-invasive technique of fecal hormone metabolite
analysis, we monitored concentrations of fecal estrogen (fE) and
progestagen (fP) metabolites. Specifically, our objectives were to
(1) validate an assay for monitoring ovarian/luteal activity non-
invasively, (2) characterize normative patterns of estrogen and
progestagen expression, (3) compare patterns of hormone expres-
sion between captive and wild lynx, and (4) examine the effect of
breeding status and housing situation on fE and fP in captive ani-
mals. As the first longitudinal study of estrogen and progestagen
expression in wild and captive Canada lynx, our results provide a
foundation for future studies of this kind and may also inform
the development of stronger management plans for this species
that can now include such basic physiological information.

2. Methods

2.1. Animals and fecal sample collection

2.1.1. Captive
This study included 26 captive Canada lynx females from 17 insti-

tutions (9 spayed females, and 19 intact females). [Note: two females
were spayed during the study, so they are counted in both groups.]
Three of the females became pregnant during the study and each
gave birth to a single kitten. We also identified three possible pseu-
do-pregnancies, defined as confirmed mating associated with an in-
crease in fP values, but no subsequent parturition. All lynx were
housed outdoors more than 50% of the time, and thus were exposed
to natural photoperiod rhythms. Animal care staff collected fecal
samples 2–4 times per week during routine cage cleanings. Sample
collection was primarily conducted during the breeding season
(January–May), but we also obtained circ-annual data for several
individuals. When multiple lynx were housed together, a marker
(e.g., millet, icing dye, and seed beads) was delivered to each individ-
ual in a food treat and used to distinguish between feces.

2.1.2. Wild
Fecal samples were collected from wild females in Colorado (56

individual lynx, 601 samples), Maine (8 lynx, 45 samples), and
Montana (10 lynx, 52 samples). This dataset includes samples col-
lected during 18 known pregnancies (16 females), as confirmed by
the observation of kittens. The populations in Maine and Montana
are naturally-occurring, while the population in Colorado is rein-
troduced. All samples were collected by snow-tracking radio-col-
lared lynx between December and April. Samples were collected
from 1999 to 2008. Samples were generally collected within 24 h
after defecation, and evidence suggests that in winter field condi-
tions, fE and fP remain stable for at least 4 days (Fanson, 2009).
Therefore, we are confident that we were able to obtain meaning-
ful results from samples collected in the field.

For most analyses involving reintroduced lynx, we only in-
cluded samples that had been collected at least six months post-re-
lease in order to minimize any effect of translocation on hormone
expression. However, for the pregnancy analysis, we included a
subset of data collected while the lynx were housed in temporary
holding pens in Colorado prior to release (6 non-pregnant and 6
pregnant females, as confirmed by radiography (Shenk, 2001)).
As the females were released prior to giving birth (early-mid

May), the outcome of the pregnancies is unknown. However, based
on radio- and snow-tracking data, there was no indication that any
of the females established dens or were traveling with kittens;
these six pregnancies were most likely unsuccessful.

2.2. Steroid extraction and analysis

All samples were stored in zip-lock bags at �20 �C, and were
shipped on ice to the Brookfield Zoo for analysis. We extracted ste-
roid metabolites by adding 5 ml of 80% ethanol to 0.5 g of well
mixed, wet fecal material in polypropylene tubes. Capped tubes
were placed on a rotator overnight and then centrifuged for
15 min at 1500 rpm. One milliliter of supernatant was transferred
to a new polypropylene tube and diluted with 1 ml assay buffer
(0.1 M phosphate-buffered saline (PBS) containing 1% BSA, pH
7.0). Extracts were stored at �20 �C.

Single-antibody enzyme-immunoassays (EIAs) were used to
quantify fecal estrogen (fE) and progesterone (fP) metabolites. Both
antibodies and corresponding horseradish peroxidase (HRP) conju-
gates were obtained from C. Munro (University of California, Davis,
CA). Assay procedures were similar to those previously described
(Atsalis et al., 2004; deCatanzaro et al., 2003; Graham et al.,
2001). Briefly, 96-well microtitre plates (Nunc maxisorp) were
coated with 50 ll antibody solution and incubated overnight at
4 �C. Plates were washed to remove unbound antibody. Immedi-
ately after being washed, standards, controls and diluted fecal ex-
tracts were added to each well (20 ll/well for the estradiol assay;
50 ll/well for the progesterone assay), along with 50 ll of HRP
conjugate. After incubating for 2 h at room temperature, plates
were washed and 100 ll of substrate solution (1.6 mM hydrogen
peroxide, 0.4 mM azino-bis (3-ethylbenzthiazoline-6-sulfonic acid)
in 0.05 M citrate buffer, pH 4.0) was added to each well. When the
absorbance of the zero-concentration wells was approximately 1.0,
plates were read with a single filter at 405 nm using an optical den-
sity plate reader (Dynex MRX Revelation, Dynex Technologies,
Chantilly, VA). All samples were assayed in duplicate, and data
are expressed as ng/g wet fecal weight. The assays were biochem-
ically validated for Canada lynx by demonstrating (1) parallelism
between serially diluted extracts and the standard curve, and (2)
significant (>80%) recovery of exogenous estradiol/progesterone
added to fecal extracts. To monitor precision and reproducibility,
low (�70% binding) and high (�30% binding) quality control sam-
ples were run on each plate.

The estradiol-17b antibody R4972 was used to quantify fE. This
antibody had the following cross-reactivities: 100% estradiol-17b,
3.3% estrone, 1% testosterone, 1% androstenedione, and 0.8% proges-
terone (deCatanzaro et al., 2003). Assay sensitivity was 0.39 ng/well.
Intra-assay coefficients of variation were 13.9% and 11.5% (n = 14)
for low and high controls, respectively. The inter-assay coefficients
of variation were 14% and 13% (n = 144), respectively.

The progesterone monoclonal antibody CL425 was used to
quantify fP. The progesterone antibody had the following cross-
reactivities: 100% progesterone, 55% 5a-pregnen-3,20-dione and
<0.1% pregnanediol, androstenedione, corticosterone (see Graham
et al., 2001 for a more comprehensive list). Assay sensitivity was
0.05 ng/well. Intra-assay coefficients of variation were 8.5% and
6.4% (n = 14) for low and high controls, respectively. The inter-as-
say coefficients of variation were 22% and 14% (n = 143), respec-
tively. Inter-assay variation for a given individual was minimized
by analyzing all of their samples at the same time, when feasible.

2.3. Statistical analysis

All data were analyzed using SAS 9.1 (Cary, NC), and fE and fP
were modeled separately. Hormone data were log transformed,
and residuals for each model were analyzed to confirm that
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assumptions of normality and homoscedasticity were met. Means
provided in the text and figures are least-squares means that have
been back-transformed. One captive female (F15) had unusually
low fE and fP values (see Section 4). Therefore, she was excluded
from all analyses except seasonality, in which she was included be-
cause her general pattern of hormone expression was similar to
other females.

2.3.1. Status and age
To examine the effect of reproductive status on fecal metabolite

values, we compared fE and fP values between spayed, intact/
non-pregnant (hereafter referred to as ‘‘intact”), pregnant, and
pseudo-pregnant females using an ANCOVA. Mean hormone
concentrations were calculated for each individual by status, as a
few individuals were sampled in multiple reproductive states.
For this analysis we treated them as independent observations. Be-
cause the wild populations did not include any spayed individuals
and we could not identify pseudo-pregnancies, separate models
were run for captive and wild populations. The ‘‘wild” model also
included data collected from 12 females (6 pregnant and 6 non-
pregnant) while they were in holding pens, so we controlled for
location (wild or holding pen) in this model. To control for poten-
tial effects of age, we also included each individual’s mean age in
the models. Captive females ranged in age from 3 to 18 years old,
holding pen females ranged from 1 to 11 years old, and wild fe-
males ranged from 1 to 12 years old. For captive lynx, we found
that 2-year old females had significantly lower concentrations of
both fE and fP, so they were excluded from this analysis (see Sec-
tion 4). Two-way interactions were excluded if they were not sig-
nificant. A Tukey–Kramer adjustment was used to correct for
multiple comparisons within the captive population.

Although sample sizes were small, we ran a paired t-test for the
two lynx that were spayed during the study. Since they were both
2 years old, they were excluded from the ANCOVA described above,
which is why we ran a separate analysis to examine the effect of
spaying within an individual.

For several wild females, we had data spanning multiple years
(n = 22, difference in age = 2–7 years). Since all samples came from
radio-collared lynx, age was estimated when the radio-collar was
put on the female. In some cases, the lynx was trapped as a kitten
so the year of birth is known, and in other cases, a more precise age
estimate was obtained from tooth enamel (collected post-mor-
tem). To determine if there was any effect of age on fE or fP within
an individual, we ran a random coefficients model, which esti-
mates a slope and intercept for each lynx and tests if the popula-
tion of slopes and intercepts differs from zero (Littell et al., 2006).

2.3.2. Seasonality
We conducted a repeated-measures ANOVA to test the effect of

month on fE and fP values in captive and wild lynx. The model also
controlled for the effect of year (sample collection from wild lynx
spanned 10 years; captive collection only spanned 3 years). Only
intact, non-pregnant females were included, and captive and wild
populations were run in separate models because sampling in the
wild occurred during a more restricted window of time (Decem-
ber–April).

To specifically test for differences between breeding and non-
breeding seasons in captive lynx, we performed a post hoc linear
contrast of monthly means. For this analysis, we compared fE
and fP concentrations in March and April (breeding season) to con-
centrations in June–September (non-breeding months for which
we had the most data).

Since reproductive seasonality in many temperate felids is
influenced by photoperiod (Brown et al., 2002), we were interested
in whether patterns of fE expression varied by latitude. We ran a
simple regression to test the effect of latitude on the timing of peak

fE values in captive females. (This model was not run for fP because
increases in fP did not coincide with the breeding season.) This test
included seven intact females with the most complete fE profiles
during the breeding season. We excluded females who were preg-
nant, pseudo-pregnant, or exhibited ovarian suppression (see Sec-
tion 3.5). Each individual’s mean weekly fE values were used to
determine when their maximum fE occurred (weeks were num-
bered 1–52, with week 1 starting January 1 of the year sampling
occurred).

2.3.3. Population
One-way ANOVAs were used to determine whether hormone

concentrations varied between the four populations (one captive
population and three wild populations: CO, ME, and MT). Only
adult, intact, non-pregnant individuals were included in the model.
A Tukey–Kramer adjustment was used to correct for multiple pair-
wise comparisons between populations.

2.3.4. Housing situation
Keepers at each captive institution were asked to provide infor-

mation about each female’s past breeding success and housing sit-
uation. Past breeding success was scored as either proven breeder
(has given birth to at least one litter), non-breeder (has been
housed with a suitable mate for at least 2 years, but has not suc-
cessfully given birth), or unsure (not housed with suitable mate
for at least 2 years). Information about housing included number,
sex, and status (intact or neutered) of cage-mates.

Because past breeding success was too closely correlated with
housing situation, we could not include both factors in this model.
However, when past breeding success was analyzed separately,
there was no significant difference in fE or fP between breeders
and non-breeders. Additionally, since all intact females were
housed with intact cage-mates, we excluded cage-mate status
from the model. The final ANOVA included cage-mate sex and
number, and only included intact females. As with the age/status
model, the 2-year old females were excluded since their fE and
fP levels were lower and they were all housed with females, which
might influence the results of cage-mate sex. A Tukey–Kramer
adjustment was used to correct for multiple comparisons between
housing situations.

3. Results

3.1. Status

In captive females, status had a significant effect on fE
(F3,21 = 10.59, P < 0.001; Fig. 1A) and fP concentrations
(F3,19 = 97.53, P < 0.001; Fig. 1B). For both fE and fP, spayed females
had the lowest concentrations, and pregnant and pseudo-pregnant
females had the highest concentrations. These trends were similar
for both wild and penned lynx (fE: F1,84 = 10.51, P = 0.002; fP:
F1,84 = 4.07, P = 0.047; Fig. 1). However, females in holding pens
had higher fE and fP concentrations than wild females (fE:
F1,84 = 124.09, P < 0.001; fP: F1,84 = 22.94, P < 0.001).

For the two lynx that were spayed during the study, both fE and
fP concentrations decreased after they were spayed. This difference
was significant for fP (intact mean = 1451 ng/g, spayed
mean = 32 ng/g, F1,1 = 1809.88, P = 0.02). However, it was not sig-
nificant for fE (intact mean = 220 ng/g, spayed mean = 49 ng/g,
F1,1 = 20.36, P = 0.14).

Longitudinal fP profiles for pregnant lynx were variable (Fig. 2).
One female (F1) had higher fP concentrations towards the end of
her pregnancy, while another female (F17) exhibited more of an in-
crease in the middle of her pregnancy. The youngest female (F4),
who was also an inexperienced breeder, showed the most obvious
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increase in fP throughout her pregnancy, although it was still not
nearly as pronounced as pregnancy profiles published for other fe-
lid species (Brown, 2006; Graham et al., 1995). For pregnant fe-
males in holding pens, fP profiles were quite variable, but
patterns were generally similar to those of pregnant females in
captivity (Fig. 2).

We identified three pseudo-pregnancies among captive fe-
males, defined as mating followed by an increase in fP, but no
parturition. Hormone profiles were quite similar for pseudo-preg-
nancies and pregnancies. Both fE and fP values tended to be higher
and were sustained for the duration of a typical pregnancy.

3.2. Seasonality

Month had a significant effect on fE and fP in both populations
(fE: captive, F11,116 = 4.14, P < 0.001, wild, F4,184 = 4.20, P = 0.003;
fP: captive, F11,108 = 3.46, P < 0.001, wild, F4,192 = 8.59, P < 0.001;
Fig. 3). Year also had a significant effect on fE and fP in captive fe-
males (fE: F3,127 = 8.97, P < 0.001; fP: F3,118 = 7.22, P < 0.001), but
not in wild females.

Captive females had significantly higher fE values during breed-
ing months than non-breeding months (breeding – March/April:

mean = 690 ng/g, 95% CI = 542–878; non-breeding – June–Septem-
ber: mean = 354 ng/g, 95% CI = 282–446; t119 = 5.27, P < 0.001).
Interestingly, fP concentrations were significantly lower during
breeding months than later in the year (breeding mean =
1588 ng/g, 95% CI = 1096–2300; non-breeding mean = 3193 ng/g,
95% CI = 2240–4550; t112 = 2.35, P = 0.02).

For the seven females with sufficient data across the breeding
season, latitude had a significant effect on timing of peak fE values
(b = 0.21 ± 0.08 weeks/degree, F1,5 = 7.67, P = 0.04). An individual’s
highest weekly mean fE occurred about 5 weeks earlier at lower
latitudes (early March) than at higher latitudes (mid-April).

3.3. Population

Population had a significant effect on both fE and fP levels (fE:
F3,88 = 25.06, P < 0.001; fP: F3,88 = 8.19, P < 0.001; Fig. 1). Pairwise
comparisons revealed that captive lynx had higher concentrations
of fE and fP than all three wild populations (fE: captive vs. CO,
t88 = 8.09, P < 0.001; vs. ME, t88 = 3.51, P = 0.004; vs. MT,
t88 = 6.79, P < 0.001; fP: captive vs. CO, t88 = 3.95, P < 0.001; vs.
ME, t88 = 4.18, P < 0.001; vs. MT, t88 = 3.21, P = 0.01). Mean fE values
were 2- to 3-fold greater in captive females (captive = 505 ng/g,
CO = 151 ng/g, ME = 200 ng/g, MT = 113 ng/g). Mean fP values were
at least 4-fold greater (captive = 2284 ng/g, CO = 594 ng/g,
ME = 184 ng/g, MT = 456 ng/g). None of the wild populations were
significantly different from each other (P > 0.1).

3.4. Age

Age did not have a significant effect on fE or fP levels for captive
females >2 years old (fE: b = 0.04 ± 0.04 ln(ng/g)/year, t15 = 0.96,
P = 0.35; fP: b = 0.01 ± 0.05 ln(ng/g)/year, t13 = 1.38, P = 0.19), nor
did it have a significant effect for wild females of all ages (fE: b =
�0.03 ± 0.02 ln(ng/g)/year, t84 = 1.38, P = 0.17; fP: b = 0.06 ± 0.07
ln(ng/g)/year, t84 = 0.85, P = 0.40; Fig. 4). At the individual level for
the wild females, the random coefficients model indicated that nei-
ther fE nor fP changed significantly with age (P > 0.5, n = 22 lynx).

3.5. Housing situation

The sex of a female’s cage-mate had a significant effect on fE
concentrations (F2,11 = 8.65, P = 0.006) but not on fP concentra-
tions. Mean fE concentrations were significantly lower for females
housed with another female (340 ng/g) than for females housed

Fig. 1. Effect of female reproductive status on concentrations of (A) fE and (B) fP in captive, temporarily penned, and wild Canada lynx populations (back-transformed LS
mean + SE).

Fig. 2. Longitudinal fP profiles during pregnancy for the three captive lynx and one
reintroduced lynx while in a holding pen (representative of all pregnant females in
holding pens). The female in the holding pen conceived in the wild, so date of
conception is estimated based on radiograph data. Note that the y-axis is in log-
scale.
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with a male (996 ng/g; t11 = 3.46, P = 0.02). The number of cage-
mates a female was housed with did not have a significant effect
on fE or fP concentrations (P > 0.4).

Furthermore, when we overlay longitudinal fE profiles for fe-
males housed together (including the 2-year old females that were
excluded from the above statistical model), there is evidence of
ovarian suppression. In two of the three ‘‘female only” groups
(Alaska Zoo and Wildlife Science Center), one of the females had
dramatically lower fE values during the breeding season, and
exhibited little to no seasonal increase (Fig. 5).

4. Discussion

Understanding the reproductive physiology of a species can be
valuable to captive management and conservation efforts. In this
study, we employ the non-invasive technique of fecal hormone
metabolite analysis to provide the first description of reproductive
endocrinology in captive and wild female Canada lynx, a threa-
tened species.

The ability of the chosen estradiol assay to detect biologically
relevant changes in ovarian activity was confirmed by the fact that
spayed females had significantly lower fE concentrations than in-
tact females. Furthermore, the majority of fE peaks occurred during
March or April, which coincides with the breeding season and the
general timeframe of observed estrus behaviors and matings. Some
females exhibited a few discrete fE peaks during the breeding

season, while other females showed a more sustained elevation
of fE values throughout the breeding season.

The progesterone assay detected significantly higher fP concen-
trations in pregnant females than non-pregnant females, which
may suggest that this assay measures biologically relevant changes

Fig. 3. Seasonal patterns of (A) fE and (B) fP expression in female Canada lynx (back-transformed LS mean ± SE). Only intact females were included in this analysis. The
shaded area represents the breeding season. Note that different y-axis scales are used for wild and captive populations.

Fig. 4. Effect of age on concentrations of (A) fE and (B) fP in captive and wild female Canada lynx. ‘‘ + ” represents points that were excluded from analysis (2-year old females
and F15, see text for Section 4). Note that the y-axis is in log-scale.

Fig. 5. Longitudinal fE profiles for three female Canada lynx housed together. Two
females show seasonal ovarian activity, but the ovarian activity of the third female
appears suppressed.
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in hormone expression. However, we expected the magnitude of
this difference to be much greater. In other felids, fP values in-
crease 5- to 30-fold during pregnancy (Graham et al., 1995),
whereas in Canada lynx, fP values only increased 2-fold (Fig. 1).
Interestingly, fP are not useful for identifying pregnancy in the
other three Lynx species. In Iberian lynx, neither fecal nor urinary
progestagens increase significantly during pregnancy (Braun
et al., 2009; Pelican et al., 2006). Eurasian lynx exhibit an increase
in fP during pregnancy, but the increase is small, and fP concentra-
tions do not decrease at parturition (Dehnhard et al., 2008;
Jewgenow et al., 2006). In bobcats, spikes in fP values occur prior
to mid-gestation, but concentrations also return to baseline (Miller,
1995). Therefore, fP do not appear to be a reliable method of iden-
tifying pregnancy in Lynx species.

Although the progesterone assay did not detect the expected in-
crease in fP in pregnant lynx, several lines of evidence suggest that
the progesterone assay does accurately reflect luteal activity. First,
biochemical evidence in lynx indicates that fP are immunoreactive
with the progesterone antibody. A radiometabolism study with
Eurasian lynx revealed that steroid metabolites are primarily ex-
creted in the feces (K. Jewgenow, personal communication), as is
the case for most felids (Palme et al., 2005). Progesterone was
heavily metabolized and excreted almost entirely as polar conju-
gates (Dehnhard et al., 2008, 2010). Again, this is similar to many
other species for which fP assays are well established; very little
parent hormone is excreted (Brown et al., 1994; Palme et al.,
2005). Subsequent immunoassays revealed that the progesterone
antibody reacted with several fP (Dehnhard et al., 2008, 2010),
and was appropriate for assessing patterns of circulating proges-
terone expression. A comparative HPLC study revealed that metab-
olism of progestagens is conserved among the four Lynx species
(Dehnhard et al., 2010). Thus, the biochemical evidence suggests
that progesterone assays can detect relevant metabolites of pro-
gesterone in feces.

Second, there is growing evidence that lynx exhibit uncharac-
teristic patterns of luteal activity compared to other felids. Corpora
lutea (CLs) are the primary source of circulating progesterone in
most female mammals. In felids, CLs persist for the duration of
the pregnancy (or for one-third to one-half the length of gestation
during pseudo-pregnancies) and then regress (Brown, 2006). How-
ever, in all four Lynx species, it appears that CLs persist well beyond
pregnancy [Canada lynx (Nellis et al., 1972); Eurasian lynx
(Dehnhard et al., 2008; Göritz et al., 2009; Kvam, 1990); bobcats
(Duke, 1949; Johnson and Holloran, 1985; Miller, 1995; Pollack,
1950); Iberian lynx (Göritz et al., 2009)]. In bobcats, luteal bodies
are retained between cycles, perhaps for life, and these CLs are
capable of producing progesterone (Duke, 1949; Woshner et al.,
2001). In Eurasian and Iberian lynx, ultrasonography revealed the
presence of CLs as late as November (�6 months after the breeding
season), and serum progesterone levels correspond with these per-
sistent CLs (Göritz et al., 2009). In Canada lynx, fP concentrations
increase during the breeding season and do not decline until
December. Duke (1949) proclaims ‘‘[t]he life history of the corpus
luteum of the bobcat is an intriguing puzzle.” Indeed, this puzzle
seems to be relevant to the entire Lynx genus.

The function of these persistent CLs is unclear, nor is it known
how females might accommodate this prolonged elevation of cir-
culating progesterone while maintaining normal patterns of repro-
duction. However, it has been speculated that the luteal bodies
from previous cycles actually facilitate successful reproduction in
bobcats (Miller, 1995). Persistent CLs might help regulate seasonal
changes in reproductive physiology and maintain the strong sea-
sonality observed in lynx (Göritz et al., 2009). If at least part of
the function of persistent CLs is to restrict breeding and enforce
strict seasonality, it would be interesting to know how they are
affected by the 10-year lynx-hare cycle. Clearly, the basic

reproductive endocrinology of Lynx and the role of persistent CLs
merit much more attention.

Previously, it was unknown whether Canada lynx ovulate spon-
taneously or reflexively (Nowak, 1999). Our evidence indicates that
Canada lynx can ovulate spontaneously, at least on occasion. We
found that fP concentrations increased in unmated females
(housed alone or with another female) during the breeding season.
Additionally, virgin females exhibited a dramatic decline in fP
when their ovaries (and consequently any CLs) were removed. Fe-
lids exhibit an incredible diversity in ovulatory mechanisms
(Brown, 2006). Although they have historically been thought of
as induced/reflex ovulators, recent studies have revealed that some
species can ovulate spontaneously, and some individuals may
alternate between the two strategies. It has been speculated that
Canada lynx ovulate spontaneously at high population densities
and reflexively at low population densities (Ruggiero et al.,
2000). We were not able to identify the frequency of induced vs.
spontaneous ovulation, but we observed at least five clear cases
of spontaneous ovulation based on fP profiles.

Both fE and fP exhibit seasonal fluctuations in captive and wild
lynx. Mean fE concentrations increase during the breeding season.
In wild lynx, the highest fE values occur in February/March, which
coincides with peak fecal androgens in wild males. However, in
captive females, the highest fE values occur in March/April (one
month later than peak androgens in captive males). There is quite
a bit of variability in the timing and duration of the seasonal in-
crease in fE among females, which is at least partially due to lati-
tudinal variation. We found that seasonal increases in fE occur
later as latitude increases. In other felid species that exhibit some
degree of reproductive seasonality, photoperiod appears to be the
primary mediator of seasonality (Brown, 2006; Brown et al., 2002).

For fP, the seasonal trend is much different. In captive lynx, fP
concentrations are lowest prior to the breeding season, increase
in April, and remain elevated through December. This is consistent
with the occurrence of spontaneous ovulation (as some females
were unmated) and the persistence of CLs. Wild females also exhi-
bit a pronounced increase in fP concentrations during the breeding
season, but due to sampling limitations, we do not know the trajec-
tory of fP expression beyond April. Iberian lynx also exhibit a pro-
longed elevation of fP following the breeding season (Pelican et al.,
2006). However, in Iberian lynx, fP values decrease around October
and remain low until the following breeding season. We did not
observe a decrease in fP concentrations for Canada lynx until
January.

A unique aspect of this study is our ability to compare fecal hor-
mone concentrations between wild and captive populations. We
found that captive females have notably higher fE and fP levels
than wild females. There are very few studies that compare fecal
hormone concentrations between wild and captive populations,
and results are variable between studies (Fujita et al., 2001; Terio
et al., 2004; Ziegler et al., 1997). Similar to our findings, Fujita
et al. (2001) found that fecal progestagens and estrogens were both
higher in captive than in wild Japanese macaque females. There
was no clear methodological reason for this trend, and the authors
attributed it to unknown dietary, ecological, or social factors. Terio
et al. (2004) also found that fecal estrogens were lower in wild fe-
male cheetahs, but they attributed this to sampling error (specifi-
cally, some wild samples might have been from males).

We also found that fecal androgens are significantly higher in
captive male lynx (Fanson et al., this issue), and fecal glucocorti-
coids are higher for both sexes in captivity (Fanson, 2009). Interest-
ingly, wild lynx held in pens for 21–128 days have fE and fP
concentrations similar to captive lynx (Fig. 1), but hormones return
to ‘wild’ levels after they are released. One captive female (F15)
had very low steroid metabolite concentrations compared to other
captive females, but similar to wild females (Fig. 4). Her male
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cage-mate also had unusually low fecal androgen metabolites
compared to other captive males (see Fanson et al., this issue). This
pair was housed in Newfoundland in one of the largest enclosures
in the study (4600 m2, as compared to 500 m2 for the second larg-
est enclosure). These data suggest that the mechanism underlying
the observed population difference is neither hormone nor gender
specific, and that hormone expression may change fairly rapidly in
response to captivity.

One possible explanation is that the observed population differ-
ences in fE and fP concentrations may be linked to energy regula-
tion. In humans, it is well documented that diet, metabolism, and
body condition can affect dynamics of steroid endocrinology
(Hajamor et al., 2003; Tchernof et al., 1996). Generally, both cap-
tive lynx and wild lynx temporarily housed in holding pens have
more regular access to food and limited potential for physical
activity. Captive lynx also generally have greater mass than wild
lynx (11–20 kg for captive lynx vs. 7–11 kg for wild lynx). One
exception is F15 (the excluded captive female), but given her
enclosure size and the climatic conditions, her activity levels and
energetic demands may be more comparable to wild lynx.

A second, though not mutually exclusive explanation, is that
elevated fE and fP in captive lynx may be due to increased adrenal
activity caused by physiological or psychological stressors associ-
ated with captivity. Indeed, we observed higher fecal glucocorti-
coid levels in captive lynx. Adrenal glands are capable of
producing other steroids, and there is evidence in Canada lynx that
some fE may be of adrenal origin. We observed fE spikes that coin-
cided with physical exams and particularly aggressive fights be-
tween cage-mates. We also observed fE spikes in spayed females.
In humans, the adrenal cortex is known to produce androstenedi-
one which is then converted to estrone by the liver (Lievertz,
1987). Steroid over-production is associated with metabolic dys-
function and other pathologies. Particularly in light of the recent
poor breeding success in captivity, it is important to develop a bet-
ter understanding of the significance and potential implications of
elevated steroid hormone levels in captive lynx.

With the exception of captive 2-year old females, age did not
have a significant effect on fE or fP levels. This suggests that
although CLs may persist for some time, there is either some
turn-over in luteal bodies between breeding seasons, or the pro-
duction of progesterone by CLs changes over time. In bobcats, older
CLs produce lower levels of progesterone than fresh CLs (Woshner
et al., 2001).

In captive 2-year old females, fE and fP were significantly lower
than in older females. Captive Iberian lynx show a similar trend: 2-
year old females had significantly lower fE and fP values (Pelican
et al., 2006). We did not observe a similar result in wild females,
and that population included even younger individuals. Canada
lynx are generally reproductively mature by 9 months of age,
although when prey density is low, they may not mature until their
second winter (Ruggiero et al., 2000). All captive females in this
study should have been reproductively mature. However, all of
the 2-year old females in our study were housed in ‘‘female only”
groups, and this social environment may affect ovarian function.

Females housed with a female cage-mate had lower fE concen-
trations, and although it was not significant, there was a trend to-
ward lower fP concentrations as well. In female groups, one female
had much lower fE concentrations and failed to exhibit a seasonal
increase in fE (Fig. 5). Interestingly, the female that exhibited this
ovarian suppression was also the subordinate female, as ranked
by keepers (K. Fanson, unpublished data). It is well-known that so-
cial structure can impact reproductive function, and social sup-
pression has been documented in a wide variety of species
(Mellen, 1991; Wasser and Barash, 1983; Wielebnowski et al.,
2002). While social suppression of reproduction may help maintain
social dynamics in wild populations, this phenomenon can become

problematic in captive breeding populations. In a cross-institu-
tional study including several small felid species, Mellen (1991)
found that cats maintained in groups other than single male–fe-
male pairs were less likely to reproduce and rarely succeeded in
rearing any offspring. In light of these findings, we reiterate Mel-
len’s suggestion that Canada lynx be housed in male–female pairs,
and possibly separated outside of the breeding season.

This study provides the first longitudinal investigation of female
reproductive hormones in captive and wild Canada lynx. Our key
findings include: (1) CLs seem to persist for an unusually long time
compared to other felids, (2) Canada lynx can ovulate spontane-
ously, although the frequency is unknown, (3) captive females
show much higher fE and fP levels than wild females, which may
be due to differences in energy regulation or adrenal activity, and
(4) female group housing may contribute to ovarian suppression
and/or delayed reproductive maturity. Understanding the basic
reproductive physiology of a species is valuable for improving cap-
tive breeding programs and conservation efforts.
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