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emale birds may optimize reproduction by modifying
lutch size and the timing for the onset of incubation. We
easured fecal estradiol-17b (E) and progesterone (P) in

aying canaries to better understand how onset of incuba-
ion might regulate clutch size. Both E and P rose sharply
o maxima 1 day before the first egg was laid. Thereafter,
steadily declined, but P remained high through 2 days

fter the first egg was laid, after which both hormones
ad returned to low levels. Clutch size did not explain
ariation in E or P output during the laying cycle. When
nalyzed with respect to onset of incubation, E and, to a
esser extent, P dropped significantly on the day incuba-
ion began, irrespective of whether or not females had
inished ovulating. We suggest that factors initiating
ncubation also cause the decline in E production by
mall follicles, which in turn may inhibit yolk sequestra-
ion in large follicles. Further experiments in which
nset of incubation is manipulated may reveal the
echanisms by which this behavior regulates clutch size

nd reproductive output. r 1999 Academic Press

Key Words: fecal steroid; clutch size; ovulation; Serinus
anaria.

Female birds may adjust their reproductive output
o the prevailing environmental conditions by modify-
ng clutch size (Lack, 1954) and by establishing devel-
pmental hierarchies of young through asynchronous
nset of incubation (Stenning, 1996). Lack proposed

hat changing or unpredictable food availability is the o

257016-6480/99 $30.00
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ltimate cause of plasticity in these traits, but the
roximate causes of variation in clutch size and timing

or incubation onset are largely unknown (Klomp,
970; Magrath, 1990).
The regulation of clutch size and incubation onset
ay be linked by the putative dual role of the hormone

rolactin. Some lines of evidence suggest that prolactin
s anti-ovarian (Bates et al., 1935; Meier, 1969) and that
ises in circulating prolactin or the prolactin releasing
actor vasoactive intestinal peptide (El Halawani et al.,
997) may regulate clutch size (Youngren et al., 1991; El
alawani et al., 1995). Although we did not study prolac-

in directly, a consequence of rising prolactin may be the
nhibition of ovarian steroid production. Determining
aily changes in estradiol-17b and progesterone during

aying may elucidate how clutch size is modified.
The functional significance of clutch size regulation

s to determine the number of offspring produced. The
unctional significance of incubation onset is more
bscure. Laying frequency does not exceed one egg per
ay, and, in many species, incubation begins prior to
lutch completion (Haftorn, 1981; Mead and Morton,
985; Beissinger and Waltman, 1991; Bortolotti and
iebe, 1993; Meijer and Siemers, 1993; Wiebe et al.,

998). Because first-laid eggs are exposed to develop-
ent-inducing temperatures before later-laid eggs,

rst-laid eggs typically hatch first (but see Bortolotti
nd Wiebe, 1993; Viñuela, 1997), resulting in hatching
synchrony. Hatching asynchrony may produce devel-

pmental hierarchies among nestlings (Mead and Mor-
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on, 1985; Evans, 1996; Nilsson and Svensson, 1996;
toleson and Beissinger, 1997) and facilitate brood
eduction (see Magrath, 1990). Female birds may vary
he timing for the onset of incubation (Haftorn, 1981;
ortolotti and Wiebe, 1993; Schwabl, 1996; Wiebe et al.,
998), enabling them to modify the developmental
ierarchy of offspring and the probability of brood
eduction according to variation in environmental
actors such as food availability (Magrath, 1989; Wiebe
nd Bortolotti, 1994).
In addition to having anti-gonadal effects, a rise in

rolactin stimulates onset of incubation in domesti-
ated, precocial species (Riddle et al., 1935; Lea et al.,
981, 1982; Bluhm et al., 1983; Hall and Goldsmith,
983; El Halawani et al., 1986; Youngren et al., 1991) and
ossibly in the altricial canary (Serinus canaria; Gold-
mith, 1982) and other taxa (Etches et al., 1979; Gold-
mith, 1983, 1990; Gratto-Trevor et al., 1990), excluding
olumbiformes (Lea, 1987). This dual role of prolactin

aises the possibility that variation in clutch size and
he establishment of developmental hierarchies are
oth consequences of onset of incubation.
We attempted to induce variation in clutch size and

iming for incubation onset by manipulating photope-
iod and food availability, two factors suggested by
arlier work to affect female reproductive output (e.g.,
ack, 1954; Schwabl, 1996). In an effort to better under-
tand the hormones involved in regulation of clutch size
nd onset of incubation, we measured estradiol-17b (E)
nd progesterone (P) in fecal samples collected daily from
aying canaries. We were particularly interested in how
hese steroids varied with onset of laying, clutch size,
lutch completion, and onset of incubation.

ETHODS

xperiment and Sampling Design

In a randomized complete split-plot design, we
ssigned 20 pairs of canaries to two rooms under a
2-h light/12-h dark photoperiod and to two rooms
nder a 16-h light/8-h dark photoperiod (5 pairs per
oom). Within each photoperiod, pairs were assigned
o one of two food treatments (5 pairs per treatment

er photoperiod). Control pairs were fed ad libitum, o

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
nd food-restricted pairs were deprived of food during
he middle 4 h of their photoperiod. Pairs were
rovided with water ad libitum and were visually but
ot acoustically isolated. Cages (32 cm high 3 57 cm
ide 3 27 cm deep) were equipped with plastic nest cups

nd burlap strings for nest material. Lights in all rooms
ame on at 06:00. Rooms were held at approximately 20°.

We monitored incubation rhythms by placing into
ach nest cup a thermistor connected to a digital
emperature logger (Onset Computer Corp., Pocasset,

A) that recorded nest temperature every 3.2 min.
lthough the exact locations of thermistors varied

lightly among nests, they generally protruded up
hrough the bottom of the nest and lay among the eggs.

e defined incubation temperature as 4° above the
aximum room temperature, measured by thermis-

ors in nest cups of nonlaying and nonincubating
emales. Although nest temperatures during incuba-
ion were usually much higher, this definition allowed
s to monitor the behavior of females whose thermis-

ors had been shifted and were not otherwise directly
eneath them. We calculated the percentage of the day
uring which the female maintained incubation tem-
erature and defined the day on which 50% first
ccurred as the onset of incubation. For most nests, this
ethod revealed an abrupt increase in incubation

ehavior during or shortly after laying (e.g., Fig. 1).

IG. 1. Nest temperature and percentage of the day incubating,
ogether showing timing for the onset of incubation in a single
anary nest. Incubation temperature was defined as 4° above the
aximum room temperature. After calculating the percentage day at

ncubation temperature, we defined the day on which 50% first

ccurred as the onset of incubation.
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Steroids in Female Canaries 259
lthough onset of incubation was gradual in some
ests, we feel that variation in incubation behavior was
iscrete rather than continuous and that our definition
f incubation onset was minimally arbitrary.
We collected fecal samples from all birds beginning
ith the day after the first female began laying and

ontinuing daily for approximately 9 weeks. In addi-
ion, we collected samples from four laying females
three food-restricted and one control, all under the
6-L/8-D photoperiod) every 2 h during the photo-
hase for 4 days.
Collection of all samples proceeded as follows:

eginning at 06:30 each morning, wire partitions were
nserted to separate members of a pair, and the cage
oors were lined with clean paper. A sample was
sually collected within 1⁄2 h of changing the paper,
fter which the wire partition was removed. We ro-
ated among the rooms in which we started changing
apers and collecting samples. All daily samples were
sually collected by 07:30, 90 min into the photophase.
ithin 1 h of collection, samples were placed in an

ven at 25° until dry (usually 4–8 h), weighed, and
rozen at 220° until they were prepared to assay.

ormone Assays

We used two methods to assay for E and P. In
ethod 1, we followed the procedure of Bishop and
all (1991) for measuring the concentration of ‘‘free,’’
nconjugated steroid in the feces. In this procedure,
teroids are extracted in a phosphate buffer (60 µl
uffer/mg feces). The E antiserum we used cross-
eacts 100% with estradiol-17b, 14% with estrone, and
% with estriol. The antiserum we used for P cross-
eacts 100% with progesterone, 30% with deoxycortico-
terone, 6% with 17-OH-progesterone, 5% with testos-
erone, 4% with androstenedione, and 4% with estradiol
both Arnel Products Co., New York, NY). Although
he antisera probably cross-react with other steroids as

ell, immunoreactive E and P are hereafter referred to
s E and P.

alidation of Hormone Assays

To determine the specificity of the method-1 assays,
ecal samples from each of two laying females were

ubjected to method 2, described as follows: 40 µl of s
ach fecal buffer extract were hydrolyzed with a 10-µl
ixture of b-glucuronidase and sulfatase from Helix

omatia (Boehringer-Mannheim Biochemicals, India-
apolis, IN) for 18 h following the protocol of Payne
nd Talahay (1986). To determine the percentage ste-
oid recovery, we then added 2000 cpm of 3H-labeled P
nd E to each sample, vortexed them briefly, and let
hem equilibrate for at least 2 h. Steroids were then
xtracted with 2 3 4 ml of diethylether using Extrelut
EM Science, Gibbstown, NJ) minicolumns. Extracts

ere dried and steroids were separated and partially
urified on diatomaceous earth chromatographic col-
mns as described by Schwabl (1992, 1993) for blood
amples. Samples were then assayed for E and P using
adioimmunoassays.

For E, results from methods 1 and 2 were highly
orrelated for both females (Female 4: F1,16 5 84.7,
, 0.001, r2 5 0.84; Female 12: F1,18 5 118.7, P , 0.001,

2 5 0.87). The correlation for Female 4, whose mean E
ecovery was 78%, is shown in Fig. 2. Although
ydrolyzation of extracts resulted in about 103 higher
levels, we used method 1, because these measure-
ents of ‘‘free’’ E were highly correlated with those of

‘total’’ (free 1 conjugated) E.
There was little correlation between P measure-
ents obtained with methods 1 and 2. It is possible

hat hydrolysis and organic extraction produce com-

IG. 2. Correlation of estradiol determined from two assay meth-
ds. Method 1 involved the extraction of steroids from feces with
hosphate buffer followed by radioimmunoassay. Method 2 in-
olved the extraction of feces with phosphate buffer, hydrolysis of
he extract, extraction with organic solvent, and chromatographic
eparation and purification of estradiol, followed by radioimmuno-
ssay. Note that in this and subsequent figures, levels are expressed
s ng steroid/ml buffer, because we do not know the efficiency of

teroid extraction with phosphate buffer.

Copyright r 1999 by Academic Press
All rights of reproduction in any form reserved.
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ounds that coelute with the progesterone chromatog-
aphy fraction and interfere with the antibody. There-
ore, we further tested the specificity of method 1 by
njecting approximately 100 ng 14C-labeled P (DuPont

EN, Boston, MA; sp. act. 5 55 Ci/mol) into the
ugular veins of two nonlaying, photostimulated fe-

ales and collected fecal samples every 30 min from
he time that samples were first excreted (Samuel

asser, pers. commun.). The approximate plasma
olume of a canary is 1 ml, yielding an approximate P
oncentration of 100 ng/ml plasma shortly after injec-
ion. Although this is 10–20 times the plasma concentra-
ion for endogenous progesterone in laying females
Bluhm et al., 1983; Seiler et al., 1992; Yang et al., 1997), it
s probably within the physiological range. Injecting
ess P would have made it difficult to detect 14C activity
ue to the relatively low specific activity. Fresh samples
ere weighed, and deionized water was added (1 µl
ater/mg fresh feces). Samples were briefly vortexed

nd 1⁄4 of the total volume was transferred into a
cintillation vial, to which an equal volume of ethanol
as added. After adding 5 ml scintillation fluid,

haking, and overnight equilibration, samples were
ounted for 14C (range of 14C activity from fecal
amples: 19–337 CPM). This allowed us to determine
he excretion profile of P or its metabolites with which

e could correlate a P profile obtained by a radioimmu-
oassay for the same samples. To this end, the remains
f 14C-labeled fecal samples were dried overnight at
5°. Samples were then extracted and assayed using
ethod 1. Immunoreactive P correlated well with the

xcretion profile for both females (Female 1: F1,16 5 33.1,
, 0.001 r2 5 0.67; Female 2: F1,9 5 29.7, P , 0.001

2 5 0.77). The results for Female 2 are shown in Fig.
A. These results indicate that our antiserum binds P
r its metabolites in proportion to the fecal excretion
nd probably blood levels.
To determine whether immunoreactive P levels of

erially diluted fecal extracts paralleled standard dilu-
ions, portions of 12 extracts showing high immunore-
ctive P levels were pooled. The pool was serially
iluted six times and assayed for P in a single meth-
d-1 assay. Pool dilutions paralleled standard dilu-
ions (Fig. 3B). Regression of log-transformed values of
concentration on the fraction bound revealed that the
ifference in the slope of pool dilutions and the slope

f standard dilutions was not statistically significant s

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
slope 6 95% CI: pool 5 0.33 6 0.032; standard 5

.38 6 0.036). Most of our P measurements fell onto the
inear portion of the standard curve (40–80% binding).

We thus concluded that method 1 was specific for P
nd used it for all subsequent P assays.

ata Analyses

Timing for incubation onset can be measured with
espect to initiation of laying (days after egg 1) or with
espect to clutch completion (days before or after clutch
ompletion). The effects of photoperiod and food regimen
n clutch size and incubation onset were examined by
nalyses of variance for a randomized complete split-plot
esign with room as the experimental unit for the main

actor and female as that for the split factor. Neither factor
ffected clutch size or incubation onset (measured
ither way), and we did not consider them further in

IG. 3. (A) Correlation between immunoreactive progesterone as
etermined by radioimmunoassay in phosphate buffer extracts and

4C-labeled fecal metabolite of progesterone after intrajugularly
njecting 14C-labeled progesterone into a female canary. (B) Displace-

ent curves of serially diluted fecal samples from a pool of samples
ith high progesterone levels and serially diluted progesterone

tandard in the progesterone radioimmunoassay. Axis inset applies
o pool dilution.
ubsequent analyses (see Results).



s
u
m
d
n
r
t
r
w

m
c
g
b
e
d
p
f
t

d
t
s

R

c
P
t
F
o
(
P
v
b
t
n

f
i
(
l
q

p
l
c
P
t
P

d
o
n
a
r
a
q
s

r
(
l
r
t
l
l
e
(
w

t
w
c
s
d
h
t
b
c
t
n
m
t
l
o

i
c
p

Steroids in Female Canaries 261
Because data collected repeatedly from individual
ampling units (females) are inherently correlated, we
sed repeated measures analyses of variance to deter-
ine whether differences in E and P over time (day-to-

ay or bihourly) were statistically significant. After
ests either failed or fledged young, some females
enested. Nest number (renests) and day with respect
o onset of laying were both factors built into a single
epeated measures model, in which day was nested
ithin nest number.
After conducting analyses of variance for repeated
easures, we specified linear contrasts for post hoc

omparisons of hormone levels before incubation be-
an with levels after incubation began and levels
efore the last egg was laid with levels after the last
gg was laid. Prior to data collection and analysis, we
id not have specific interest in the numerous other
ossible comparisons, and therefore making contrasts

or these would have increased the chance of making a
ype I statistical error.

We used simple one-way analysis of variance to
etermine whether differences in E and P with respect

o clutch size were statistically significant. Figures
how F and P values and means 6 1 SE.

ESULTS

Neither photoperiod nor food treatment signifi-
antly affected clutch size (photoperiod: F1,2 5 0.27,
5 0.66; food: F1,14 5 0.78, P 5 0.39), onset of incuba-

ion with respect to initiation of laying (photoperiod:
1,2 5 0.69, P 5 0.49; food: F1,14 5 2.47, P 5 0.14), or
nset of incubation with respect to clutch completion
photoperiod: F1,2 5 0.47, P 5 0.56; food: F1,14 5 2.84,

5 0.11). Despite this, females showed substantial
ariation in clutch size and incubation onset (see
elow). This allowed us to look for correlations of
hese variables with steroid hormone levels, although
o causal relationships could be assigned.
Fecal E levels showed substantial diel variation in

our laying females (Fig. 4). E was significantly higher
n samples collected 30 min into the photophase
F7,18 5 11.34, P , 0.001) than in samples collected
ater, but this relationship diminished with each subse-

uent day after onset of laying. By 4.5 h into the a
hotophase or by 4 days after onset of laying, E was at
ow levels. Although E levels did not differ signifi-
antly among days 1–4 after onset of laying (F3,8 5 3.213,
5 0.08), there was a significant interaction between

ime of day and day after onset of laying (F21,29 5 2.452,
5 0.01).
Fecal P levels also showed statistically significant

iel variation (F7,18 5 9.002, P , 0.001), but the pattern
f change was less regular than that for E (Fig. 4). P did
ot change significantly either with respect to days
fter onset of laying (F3,8 5 2.63, P 5 0.12) or with
espect to the interaction between time of day and days
fter onset of laying (F21,25 5 0.83, P . 0.2). All subse-
uent analyses of E and P involved the first-collected
amples in the photophase.

With respect to day-to-day variation, E and P levels
ose from 10 days to a peak 1 day before onset of laying
Fig. 5). E levels then began a decline to reach low
evels by 3 days after the onset of laying where they
emained for at least 8 days. P levels, however, main-
ained a high plateau through 2 days after onset of
aying. Thereafter, P levels dropped sharply to low
evels where they remained for at least 8 days. The
ffect of nest number (renests) on E was not significant
F2,7 5 4.27, P 5 0.06); however, P levels rose slightly

ith increasing nest number (F2,6 5 6.96, P 5 0.03).
Clutch size ranged from one to four eggs, irrespec-

ive of photoperiod or food regimen. To determine
hether the production of fecal E or P was related to

lutch size, we summed E and P concentrations (from
ingle samples collected at 06:30 each day) over those
ays bracketing laying during which Fig. 5 revealed
igh levels for the respective hormones. E concentra-

ions were summed from samples collected 4 days
efore through 2 days after onset of laying and P
oncentrations from samples collected 1 day before
hrough 2 days after onset of laying. Clutch size did
ot significantly explain variation in E or P production
easured in this way (Fig. 6), although there was a

endency for higher levels of both hormones in females
aying clutches of two to four eggs than in those laying
ne-egg clutches.
Females showed substantial variation in the onset of

ncubation relative to initiation of laying and to clutch
ompletion. Again, this variation was irrespective of
hotoperiod or food regimen. Incubation began 4, 3, 2,

nd 0 days after initiation of laying (n 5 2, 7, 9, and 2

Copyright r 1999 by Academic Press
All rights of reproduction in any form reserved.
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ests, respectively), or, alternatively, incubation began
, 2, 1, and 0 days after (n 5 1, 3, 5, and 7 nests,
espectively) and 1 and 3 days before (n 5 3 and 1
ests, respectively) clutch completion. To determine
ow hormone levels changed with regard to the onset
f incubation and whether variation in E and P might
e explained by its timing, we compared E and P levels
cross 6 days bracketing the onset of incubation. When
ests of all females were analyzed together, E re-
ained relatively unchanged from 3 to 1 days before

nset of incubation but dropped approximately three-
old on the day incubation began (Fig. 7, left). E levels
emained low thereafter. P showed a similar change,
hough not as marked as that for E.

Birds, such as the canary, that lay one egg per day
vulate the ovum approximately 24 h prior to laying it.
nset of incubation often coincides with laying of the
enultimate egg and therefore with ovulation of the

IG. 4. Immunoreactive estradiol and progesterone in fecal sample
ast egg. It is therefore conceivable that the hormonal o

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
hanges shown in Fig. 7 (left) are consequences of a
ransition from an ovulatory to postovulatory state
ather than a transition to incubation behavior. The
onsiderable variation in the onset of incubation with
espect to laying of the last egg allowed us to investi-
ate the relationship between hormones and incuba-
ion behavior when the relationship between incuba-
ion onset and ovulation of the last ovum is uncoupled.
o this end, we looked at the changes in E and P
elative to the onset of incubation in three groups of
emales. Females which began incubation on the day
efore they had laid their last egg (on the day the last
gg had been ovulated) or earlier were classified as
arly incubators. Those which began incubation on the
ay the last egg had been laid (1 day after the last egg
ad been ovulated) were middle incubators. Females
hich began incubation at least 1 day after the last egg

ad been laid (2 days after the last egg had been

ted bihourly from four female canaries during laying.
s collec
vulated) were late incubators. For each of these three
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Steroids in Female Canaries 263
ncubation scenarios, the temporal relationship be-
ween E levels and onset of incubation persisted (Fig.
). That is, E levels dropped sharply at the onset of
ncubation, irrespective of the termination of ovula-
ion. For middle and late incubators, the relationship
etween P levels and onset of incubation was also
aintained (Fig. 7). However, in early incubators, the

ecline in P with respect to onset of incubation was
ore gradual. P declined only partially on the day

ncubation began and dropped to low levels 1 day after
nset of incubation. Error variation in P was relatively

arge for early incubators, making interpretation of this
elationship difficult.

To further address the relationship between hor-
one levels, onset of incubation, and clutch comple-

ion and to potentially reveal hormonal correlates of
lutch size regulation, we compared E and P levels
cross days bracketing laying of the last egg. After
nalyzing all females together, regardless of the tempo-
al relationship between onset of incubation and clutch

IG. 5. Immunoreactive estradiol and progesterone in fecal samples
ollected daily from female canaries before, during, and after laying.
may 0 is when the first egg was laid.
ompletion, we again classified females into the three
roups described above. There were statistically signifi-
ant changes in E and P with respect to clutch comple-
ion, but the decline in levels of both hormones did not
lways occur on the day the last egg was laid (Fig. 8).
pecifically, E levels declined the day before the last
gg was laid in early incubators, declined the day the
ast egg was laid in middle incubators, and gradually
eclined over 3 days in late incubators. P levels declined

he day the last egg was laid in early and middle incuba-
ors but remained high in late incubators (though the
atter relationship was not statistically significant).

According to linear contrasts, hormone levels before
nset of incubation (days -3, -2, and -1) were signifi-
antly higher than levels after onset of incubation
days 0, 1, and 2) in all comparisons shown in Fig. 7
P , 0.001). Hormone levels before clutch completion
days -3, -2, and -1) were higher than levels after clutch
ompletion (days 0, 1, and 2) in all comparisons shown
n Fig. 8 (P , 0.001), with the exception of the
omparison of P levels in late incubators (P . 0.20).

ISCUSSION

We do not know whether changes in fecal E and P
eflect differential ovarian production, changes in the

IG. 6. Immunoreactive estradiol and progesterone in fecal samples
rom female canaries laying variable clutch sizes. Ordinates are the
ums of steroid concentrations from samples collected once at 06:30
ach day from 4 days before through 2 days after onset of laying for
stradiol and from 1 day before through 2 days after onset of laying
or progesterone.
etabolism and excretion of these hormones, or a

Copyright r 1999 by Academic Press
All rights of reproduction in any form reserved.
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ombination of both. Evidence, however, exists for the
ormer. In male and female Japanese quail (Coturnix
oturnix japonica) changes in plasma testosterone and P
trongly correlate with changes in fecal immunoreac-
ive testosterone and the P metabolite pregnanediol-3a-
lucuronide, respectively (Bishop and Hall, 1991). In
hat study, the fecal concentration of the estradiol

etabolite estradiol-3-glucuronide was higher under
ong than under short photoperiods and was higher in
emales than in males regardless of photoperiod. This
rovides physiological evidence that fecal hormone
oncentrations reflect circulating levels. In breeding
anaries, fecal E concentrations were also much higher
n females than in males, with no overlap of concentra-
ions between sexes (H. Schwabl, unpublished data).
n the present study, the first samples collected in the
hotophase may have been concentrated because fe-

IG. 7. Immunoreactive estradiol and progesterone in fecal sample
or those nests in which females began incubating before ovulation of
ncubators), or .1 day after ovulation of the last egg (late incubators
ales probably did not excrete during the scotophase. t

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
owever, fresh fecal samples were usually present
efore cage papers were changed, indicating that the
rst collected samples were not the first produced each
ay. Further, incubating females excreted much less

requently than nonincubating females. Were hormones
oncentrated during periods of nonexcretion, then a rise in
evels at the onset of incubation might be expected.
ndeed, the opposite was true. We therefore assume that
hanges in fecal concentrations reflect changes in
varian output and plasma levels of these hormones.
A rise in both fecal E and P in female canaries

ccompanied ovulation of the first egg, whereas corre-
ates of the decline in their levels seemed to differ
omewhat between these hormones. For E, the decline
ccompanied the onset of incubation. For P, the decline
eemed more closely associated with time since ovula-
ion of the first egg than with other variables. That is,

female canaries before and after onset of incubation for all nests and
t egg (early incubators), 1 day after ovulation of the last egg (middle
is when incubation began.
s from
the las

). Day 0
he abrupt fall in P occurred 4 days after ovulation
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egan, regardless of clutch size or nest number. The
hanges in E levels probably reflect changes early in
he photophase only. Results in Fig. 4 suggest that an
nalysis of E with respect to laying using samples
ollected later in the day would not reveal any changes
n E at all. In other words, E levels 2 or more hours into
he photophase were already quite low, regardless of
he female’s reproductive state (at least within the first

d after onset of laying). This may be important for
eld endocrinologists, who often must rely on samples
ollected throughout the day.

The sharp rise in E at onset of ovulation and fall at
nset of incubation was interesting in light of E’s role

n egg formation, development of the oviduct, and
eproductive behavior. In domestic fowl, stimulation
f follicular thecal cells by luteinizing hormone causes
roduction of E which then induces hepatic synthesis
nd mobilization of major yolk components, such as
itellogenin (Etches, 1996). Exogenous E enhances

IG. 8. Immunoreactive estradiol and progesterone in fecal sample
or those nests in which females began incubating before ovulation of
ncubators), or .1 day after ovulation of the last egg (late incubators
viductal growth in fowl, immature Japanese quail t
Johnson, 1986; Etches, 1996), and canaries (Follett et
l., 1973). E stimulates food intake and deposition of
alcium within the medullary portion of long bones
Johnson, 1986), facilitating shell production. Addition-
lly, E may stimulate copulation–solicitation displays
n females of some species, including the canary
Kreutzer and Vallet, 1991; Searcy, 1992), though the
ecessity of E for sexual receptivity remains equivocal
Searcy, 1992; Nagle et al., 1993; Leboucher et al., 1994).

Production of E is highest in small, early-stage
ollicles and lowest in large, late-stage, yolky follicles
Johnson, 1986; Etches, 1996). One might therefore
ssume that total ovarian output of E would peak
hen the number or total E production of small

ollicles is at a maximum, a time possibly coinciding
ith onset of ovulation (Fig. 5). Several studies indi-

ate that levels of circulating E are low when females
re incubating (see Silver and Cooper, 1983). Our study
ow reveals the precision with which incubation and

female canaries before and after clutch completion for all nests and
t egg (early incubators), 1 day after ovulation of the last egg (middle
is when the last egg was laid.
s from
the las

). Day 0
he decrease in E levels are coordinated. The day on

Copyright r 1999 by Academic Press
All rights of reproduction in any form reserved.
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hich incubation began was marked by an approxi-
ately threefold drop in E concentration from the

revious day. E remained high after the last egg had
een ovulated if incubation had not yet begun and was

ow during ovulation if incubation had already begun.
ogether, these findings suggest that until incubation
egins a continuous supply of small, E-producing
ollicles may be present. Though our data are not
irectly supportive, it is possible that onset of incuba-

ion, triggered by a rise in prolactin (see Introduction),
ay serve to limit the number or steroid output of

mall follicles. In turn, development of large follicles
ay arrest under the duress of low circulating yolk

omponents, possibly preventing their eventual ovula-
ion.

The rise in P leading up to ovulation and laying is
onsistent with the putative relationship between P
nd ovulation. In fowl, a rise in P, which is produced
y large, yolky follicles, stimulates a surge in luteiniz-

ng hormone, which triggers ovulation (Sharp, 1980).
lthough P declined with onset of incubation, inspec-

ion of Figs. 5 and 7 suggests that a more substantial
all occurred 3 days after onset of laying among
emales laying different clutch sizes. Further, P levels

ere not related to clutch size and were high in some
emales well after clutch completion, a time when
vulation had presumably ended. It therefore seems
lausible that the ovary is set to grow the four follicles
ecessary for the canary’s modal clutch size of four
ggs, as supported by the 4-day plateau in P beginning
ith ovulation of the first ovum. Control by the

ypothalamus or pituitary, possibly via reduced pro-
uction of E from small follicles, may prevent ovula-

ion of some large follicles, thus influencing clutch size.
owever, this does not explain why some females in

ur study completed clutches before incubation began.
urther studies on follicular number, size, and steroid
roduction in relation to incubation onset and studies

n which incubation onset is experimentally induced
r prevented are needed to determine the relationship
etween onset of incubation, steroid output, and clutch
ize.

Mead and Morton (1985) proposed that onset of
ncubation and clutch size determination are hormon-
lly coupled. Meijer et al. (1990) went on to suggest that
n increasing tendency to incubate may serve to

egulate the seasonal decline in clutch size observed in

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
any species. Our results on the change in ovarian
teroid hormones in relation to onset of incubation
aises the possibility of an additional means by which
emales may optimize reproduction. In canaries and
ther birds, androgens are transferred into egg yolks
Schwabl, 1993). These yolk androgens modify off-
pring development and aggression (Schwabl, 1993,
997) and may reflect diverse reproductive strategies
Schwabl et al., 1997). Should high levels of circulating
teroids be maintained throughout laying by a late
nset of incubation, later laid eggs might receive
reater doses of them than were incubation to begin
arly. In late-incubating females, high hormone levels
n egg yolks might then confer advantages to later-laid
ggs already benefiting from a more synchronous
nset of incubation. In a pattern similar to what we
how here for E, fecal testosterone in laying females
emains high until incubation begins and positively
orrelates with yolk levels (Schwabl, 1996). Whether
ariable timing for the onset of incubation causes
orresponding changes in concentrations of yolk ste-
oids has yet to be determined.
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