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USING VITELLOGENIN TO IDENTIFY INTERANNUAL VARIATION
IN BREEDING CHRONOLOGY OF MARBLED MURRELETS
(BRACHYRAMPHUS MARMORATUS)

Laura McFaRrRLANE TRANQUILLAY, Tony WiLLIAMS, AND FReED CoOKE?

Centre for Wildlife Ecology, Department of Biological Sciences, Simon Fraser University, 8888 University Drive,
Burnaby, British Columbia V5A 1S6, Canada

AssTracT.—Vitellogenin is a lipophosphoprotein found in plasma of egg-producing birds
prior to laying that may be used to identify fecund females whose reproductive status is
otherwise unknown. We captured Marbled Murrelets (Brachyramphus marmoratus) at sea in
Desolation Sound, British Columbia, and used vitellogenin to (1) identify variation in egg pro-
duction between 1999 and 2000, (2) predict timing of subsequent breeding stages on the basis
of egg production, and (3) describe proportion of captured females producing eggs. We also
used vitellogenin to investigate a capture bias previously detected in mist-netted birds in the
study area and found a corresponding bias in number of egg producers caught. Dates that egg
producers were present (27 April to 6 July 1999, 20 April to 6 July 2000) indicate that breeding
is highly asynchronous in that species but was similar in both years. Predicted chick-fledging
based on vitellogenin analyses was within one day of first sightings of fledglings at sea in both
years, confirming that the vitellogenin technique provides accurate information on breeding
chronology. Percentage of egg producers (54% in 1999, 56% in 2000) were similar in both years.
Vitellogenin analyses provided a chronology very similar to that previously estimated using
multiple techniques in the same study area (1996-1998), confirming that vitellogenin analy-
ses alone may be used to describe chronology when sampling encompasses the entire laying
period. We recommend that technique for use in other studies of secretive species where egg
production cannot normally be monitored by direct observation. Received 3 January 2002, ac-
cepted 14 December 2002

Resumé.—La vitellogénine est une lipophosphoprotéine que I’on retrouve dans le plasma des
ceufs produits par les oiseaux avant la ponte. Cette protéine peut étre utilisée pour identifier les
femelles fécondes dont le statut reproducteur resterait inconnu autrement. Nous avons capturé
des Guillemots marbrés (Brachyramphus marmoratus) en mer a Desolation Sound, Colombie-
Britannique, et nous les avons utilisé pour (1) identifier les variations dans la production
d’ceufs entre 1999 et 2000, (2) prédire le déroulement des étapes de reproduction subséquentes
en se basant sur la production d’ceufs. Nous avons également utilisé la vitellogénine pour
examiner le biais de capture précédemment détecté chez les oiseaux capturés au filet dans
I'aire d’étude. Nous avons ainsi décelé ce biais dans le nombre d’oiseaux capturés produisant
des ceufs. Les dates durant lesquelles ces oiseaux étaient présents (du 27 avril au 6 juillet
1999, du 20 avril au 6 juillet 2000) indiquent que la reproduction est fortement asynchrone
chez cette espéce mais elle a été similaire pour les deux années. En se basant sur les analyses
de vitellogénine, la prédiction du nombre d’ceufs pondus correspondait aux nombres de
jeunes recensés au cours des premiéres observations en mer et ce pour les deux années.
Ceci vient confirmer que la technique de la vitellogénine fournit une information précise
sur la chronologie de reproduction. Le pourcentage d’oiseaux produisant des ceufs (54% en
1999, 56% en 2000) étaient similaires dans les deux années. Les analyses de vitellogénine ont
fourni une chronologie tres similaire a celle précédemment estimée a partir de I'utilisation
de techniques multiples pour la méme aire d’étude (1996-1998), confirmant que les analyses
de vitellogénine peuvent étre utilisées comme technique unique pour décrire la chronologie
quand I’échantillonnage porte sur la totalité de la période de ponte. Nous recommandons
I'utilisation de cette technique dans les autres études traitant d’especes dont la production
d’ceufs ne peut pas étre suivie normalement par observations directes.
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StubvinG THE MARBLED Murrelet (Brachyramphus
marmoratus) has been challenging because of its
secretive habits (Cooke 1999). Reproductive sta-
tus of individuals is especially difficult to deter-
mine, because that species nests solitarily and
cryptically on mossy limbs of old-growth trees
(Nelson 1997), making it difficult to determine
precisely timing of breeding activities such as
laying or incubation. Nevertheless, accurately
evaluating activity patterns and habitat use
requires an understanding of breeding chronol-
ogy (Hamer and Nelson 1995). Breeding chro-
nologies were first estimated using Marbled
Murrelets collected at sea (Sealy 1974, 1975;
Carter 1984). That work examined variation
in reproductive tract morphology with respect
to brood patch development, fish-holding by
adults, and appearance of fledged young at sea,
to estimate breeding phenology for Marbled
Murrelets in British Columbia. Although suc-
cessful, dissection of breeding birds was re-
quired and with classification of the Marbled
Murrelet as a threatened or endangered species,
collecting is no longer an option. More recently,
direct observations at the nest have been the
only means of accurately determining breeding
status of individuals; however, that approach
has not been able to assess overall reproduc-
tive status of the local population, because it
depends on observations of individuals already
known to be breeding and has been limited by
small sample sizes.

Due to their cryptic nesting habits, Marbled
Murrelets are more easily studied when off the
nest, at sea (Vanderkist et al. 2000, Speckman et
al. 2000). However, those sexually monomor-
phic birds cannot be aged past first year and
age of first breeding is unknown (Nelson 1997).
Thus, characteristics of plumage and measure-
ments of body size offer no clues to identifying
breeding status and dissection of reproduc-
tive tracts is no longer an option (Sealy 1974).
As well, brood patch scores have not always
reliably matched breeding status (McFarlane
Tranquilla 2001). Nondestructive analyses of
plasma sampled from birds when captured
may, however, be used to identify fecund fe-
males, using an egg yolk protein called vitel-
logenin (Vanderkist et al. 2000). Vitellogenin
(VTG) is a lipophosphoprotein secreted by the
liver in response to estrogenic stimulation and
is transported to the ovary via the bloodstream
and deposited in the developing oocyte (Deeley
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et al. 1975, Wang and Williams 1982). Elevated
levels of VTG in the plasma coincide with yolk
deposition (Challenger et al. 2001) and are un-
detectable in physiologically immature birds,
mature females during the nonbreeding season,
and males (Deeley et al. 1975, Mitchell and
Carlisle 1991). Thus, measurements of VTG lev-
els in plasma accurately identify fecund females
(Mitchell and Carlisle 1991). Given the poten-
tially widespread use of that technique, the first
aim of this article was to further assess the util-
ity of VTG analysis, including effects of freez-
ing and of assaying plasma from birds whose
reproductive status was not known. Second,
the two main techniques for capturing Marbled
Murrelets—dip netting and mist netting—catch
different groups of birds; mist netting captures
a male-biased sample, whereas dip netting does
not (Vanderkist et al. 1999). We therefore used
VTG analyses to investigate that capture bias,
with the expectation that egg-producing females
would not be captured in mist nets (Vanderkist
et al. 1999, Bradley et al. 2002). Finally, we com-
pared our estimates of breeding chronology
made using VTG data with Lougheed et al.’s
(2002), who used several techniques (including
VTG analyses) to compare midpoints of breed-
ing stages, construct a breeding chronology,
and assess interannual variation in chronology
for Marbled Murrelets in Desolation Sound. We
extended Vanderkist et al.’s (1999) study, which
collected only late-season VTG data, to (1) iden-
tify interannual variation in breeding chronol-
ogy using VTG analysis to delimit duration of
egg production, (2) predict incubation period
and fledging dates by extrapolation (following
Lougheed et al. 2002), and (3) estimate propor-
tion of egg-producing females.

MEeTHODS

Study site and blood sampling.—Marbled Murrelets
were captured in Desolation Sound, British Columbia
(50°05’N, 124°40°W), from 20 April to 4 September 1999
and from 19 April to 26 August 2000. Birds were “dip
netted” (Whitworth et al. 1997, Vanderkist et al. 1999)
at night (2100-0400 hours PST) in Desolation Sound
and mist netted (8 June to 30 July 1999, 14 June to 29
July 2000) at the mouth of Theodosia Inlet, Desolation
Sound (50°04’N, 124°42°W) (Kaiser et al. 1995). Prior to
1 June, we could not mist-net murrelets because they
did not use that inlet as a flyway to their nest (Kaiser
et al. 1995), but after 1 June, birds were captured using
both mist-net and dip-net techniques. Dip netting oc-
curred on 108 of 137 days in 1999 and 96 of 129 days
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in 2000, and mist-netting occurred on 41 of 52 days in
1999 and 37 of 45 days in 2000. Days were missed due
to inclement weather.

Marbled Murrelets captured by both methods
were bled, beginning early and extending well past
the known egg-laying period (early May to mid July,
Lougheed et al. 2002). Birds were bled with no a priori
knowledge of their sex and samples were later sexed
using genomic DNA (Griffiths et al. 1996, Vanderkist
et al. 1999). Blood samples (1-2 mL) were taken from
the brachial vein, dispensed into an Eppendorf tube,
and kept cold until they were returned to field camp.
Within 6-8 h of collection, blood was centrifuged at
6,000 rpm for 10 min, plasma was removed, and red
blood cells and plasma were frozen at —20°C until
they could be transported to the laboratory for further
analysis.

Vitellogenin analyses.—Marbled Murrelets lay only
one egg per breeding attempt (Sealy 1974); therefore,
plasma VTG in egg producers was expected to decline
immediately after the yolk of that egg was completed
(e.g. Challenger et al. 2001). Vitellogenin concentra-
tion in the plasma was determined indirectly, with
an assay for vitellogenic zinc (following Mitchell and
Carlisle 1991, Vanderkist et al. 2000). Vitellogenic zinc
(VTG-Zn) was used as an index for VTG, as described
and validated for Marbled Murrelets by Vanderkist
et al. (2000). We investigated two possible sources of
error in assessing fecundity using VTG analysis: (1)
effect of dilution ratio for birds of unknown status
and (2) effect of long-term storage at —20°C. Following
Mitchell and Carlisle (1991), the VTG assay should
be adjusted according to whether the plasma is from
nonlaying or laying birds, by diluting plasma from
nonlaying birds 2-fold and from laying birds 4-fold.
However, due to the murrelets’ unknown status, we
analysed all plasma as if it was from laying birds (i.e.
diluted 4-fold). That would not adversely affect analy-
ses of plasma that actually was from egg-producing
Marbled Murrelets, as the assay would have been
done correctly. For males and nonlaying females, do-
ing the assay in that way (i.e. at the “wrong” dilution)
produced negative values for approximately half of
the capture sample, which were not theoretically
possible. Thus, after sex and laying status were de-
termined, we corrected negative values by reassaying
91 subsamples of plasma from males and non-egg-
producers, at the correct 2-fold dilution. Similarly,
to assess effect of long-term storage, we assayed 14
subsamples of plasma after 5 months and then again
after 18 months of storage at —20°C.

DNA sexing.—Marbled Murrelets were sexed fol-
lowing the methods described in Vanderkist et al.
(1999), with the modification that blood samples were
either centrifuged red blood cells or blood cells dried
on filter paper. Some birds could not be sexed and
were omitted from analyses that required “sex” as a
variable.
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Classifying egg producers.—We used the term “egg
producers” because it was unclear how many days
elapsed between producing and laying an egg, or
whether producers (as defined by elevated VTG)
always became layers. As well, VTG data only identi-
fied producers, and not whether eggs were from first
or second clutches. Using VTG data cannot lead to
any assumptions about the success of the breeding
attempt following egg laying. To establish a VTG
threshold that would identify egg-producing females,
we measured the amount of VTG in birds that clearly
were not producing eggs (i.e. males). Following
Vanderkist et al. (1999), we constructed limits around
mean VTG + 3 SD units for 103 males (1999 and 2000
pooled data) (u+ SE=0.26+0.03; + 3SD =0.96 ug mL™*
VTG). We did the same for 41 females that probably
were not producing eggs, because they were caught
at the end of the season, in August; that VTG value
was not significantly different from that of males (u
+ SE = 0.30 £ 0.03; + 3 SD = 0.90 pg mL* VTG). Thus,
we concluded that VTG values >0.96 ug mL™* were
outside 99.4% (1 + 3o) of a normal distribution (see
Zar 1996) and should have been from birds that were
producing eggs. VTG was measured in micrograms
per milliliter (ug mL™).

Constructing breeding chronology.—We used plasma
VTG data to construct a breeding chronology of
Marbled Murrelets in Desolation Sound. Because
Marbled Murrelets lay asynchronously, with incu-
bation and chick stages spread over ~4 months, we
calculated “core” periods when most birds were
at a particular breeding stage (see Lougheed et al.
2002). Thus, mean dates plus one SD from the mean
(i.e. 68% of the data; Zar 1996) were used to describe
core breeding stages. Mean date of egg production
was calculated using only egg-producing females
(Fig. 2, above hatched line). Mean egg-production
periods were used to predict subsequent breeding
stages, including the first appearances of juveniles.
Following Lougheed et al. (2002), a 30 day incubation
period (Nelson 1997) and a 28 day chick-rearing pe-
riod (Hamer and Nelson 1995) were used to calculate
breeding chronology. In the closely related Cassin’s
Auklet (Ptychoramphus aleuticus), eggs require 14
days for production (Astheimer 1986). Thus, because
elevated VTG coincides with rapid yolk development
early in egg production (Challenger et al. 2001), we
estimated that birds with elevated VTG were halfway
through egg production. Therefore, individual laying
dates were estimated to occur seven days following
capture of birds with elevated VTG (Lougheed et al.
2002). We assumed there was no capture effect that
might extend the number of days between egg pro-
duction and laying beyond 14 days.

Nighttime detections of juvenile Marbled Murr-
elets (Centre for Wildlife Ecology unpubl. data) were
compared with the fledging chronology predicted
from VTG data. From April to August, dip netting
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4.087 + 0.36 pg mL™?). Egg producers were cap-
tured from 27 April to 6 July 1999 (Fig. 2). Mean
egg-producing date in 1999 was 24 May * 20
days (SD), modal date was 9 May (Fig. 3A), and
estimated duration of egg production was 70
days. Between 19 April and 31 July 2000, blood
samples from 66 females were analysed for
VTG (mean = 2.05 + 0.35 ug mL™?). Of those, 49%
(32/66) had elevated VTG (tday r
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TABLE 2. Breeding chronology with predictions for timing of breeding stages in Marbled Murrelets. Data are + SD (days). Included are data from Vanderkist et al.

(1999) for comparison to a previous study using VTG and Lougheed et al. (2002) for comparison of estimating chronology using multiple methods. All studies

were conducted in Desolation Sound, British Columbia.

First
juvenile

First
predicted

Mean
predicted

Mean
predicted chick

Mean predicted

Mean egg
producing

Last egg

producer

First egg

incubation

producer

Start of

rearing period fledging perioda2

caught caught period period

captures

Year

Study
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been challenged due to a significant male bias
found in Marbled Murrelets caught in mist
nets in Desolation Sound (Vanderkist et al.
1999, Bradley et al. 2002). It has been suggested
that mist-netting (unlike dip netting) catches
Marbled Murrelets only during the chick-rear-
ing stage (Vanderkist et al. 1999) and that the
bias in favor of males results from increased
inland flights by males carrying fish to their
young (Bradley et al. 2002). Our results support
that hypothesis, as no egg-producing murrelets
were caught in the mist nets. Vitellogenin in
dip-netted females was significantly higher
overall, supporting the hypothesis that mist-
netted females were from a different subset
of the population, or used the area only after
laying. Those results support Vanderkist et al.’s
(1999) suggestion that different capture meth-
ods cannot be assumed to sample populations
randomly.

The egg-producing period in the Marbled
Murrelet.—Duration of egg laying in Marbled
Murrelets has been estimated from early May to
mid-July in British Columbia (Sealy 1975, Carter
1984). The present study extends the earliest lay-
ing estimate by about two weeks and coincides
closely with the range of laying dates found
by Lougheed et al. (2002) in Desolation Sound
in 1996-1998. On the Queen Charlotte Islands,
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TABLE 3. Percentages of egg producing female
Marbled Murrelets dipnetted in 1999 and 2000.
Percentages in each period did not differ by year
(i.e. across columns).

Percentage of females that
were producing eggs

1999 2000
417% (12> 83.3% (6) Ac

Dates?
17 April to 7 May
8 May to 27 May

north of Desolation Sound, Sealy (1975) esti-
mated the laying period to be 42-49 days, from
mid-May to late June or early July. Lougheed et
al. (2002) calculated the egg-production period
to be 79 days; our results were almost identical,
with an estimate of 77 days.

The dates juveniles appeared at sea, predicted
from dates of egg production, closely matched
the actual dates of juvenile appearance in 1999
and 2000. In 1999, birds were captured for 7
days before any egg producers were identified
(Table 2), which suggests that onset of egg pro-
duction was not missed that year. However, in
2000, capture of egg-producing females only one
day after captures began suggests that VTG sam-
pling may have missed the earliest egg produc-
ers. If true, our predicted first juvenile appear-
ance in 2000 is later than it should be; however,
the close timing of our prediction with actual
juvenile appearance in 2000 refutes that possibil-
ity. If early egg producers were missed, both the
comparison with Lougheed et al.’s (2002) breed-
ing chronology, and the insignificant differences
between the frequency distributions and the
proportions of egg producers in our two years
of study, suggest that that has resulted in a rela-
tively minor discrepancy in our chronology.

Marbled Murrelets at our site, as in other
populations (Nelson 1997), produced eggs
asynchronously, from April to July. That has
generally been attributed to their solitary nest-
ing habits (Hamer and Nelson 1995, Gaston and
Jones 1998). However, it still is unclear whether
nesting asynchrony is promoted by renesting
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after clutch failure or to variation in clutch
initiation among individuals (Nelson 1997).
Frequency of renesting in Marbled Murrelets
is not known, but in light of the long breeding
season, renesting probably plays an important
role in breeding asynchrony in that species.
As well, renesting would be an important ad-
aptation for Marbled Murrelets, whose nests
appear highly vulnerable to predation (Nelson
and Hamer 1995). Other alcids lay eggs more
or less synchronously in different years de-
pending on species and location (Ainley and
Boekelheide 1990, Gaston and Jones 1998). In
alcids, trends generally reflect a latitudinal cline
in asynchrony, with breeding seasons shorten-
ing with increasing latitude (Lougheed et al.
2002). Marbled Murrelets, however, are more
asynchronous than would be predicted from
their breeding latitude (Lougheed et al. 2002).
Interannual variation in breeding chronology
may thus be more difficult to detect in Marbled
Murrelets than in birds with a shorter breeding
season, when laying occurs over a shorter pe-
riod of time. Also, factors affecting individual
variation in onset of breeding (e.g. Sydeman et
al. 1991, Wiemerskirch 1992, Gaston et al. 1994)
are poorly understood for Marbled Murrelets.
Selective forces that shape breeding chronology
in so many other seabirds are not yet clear for
Marbled Murrelets.

Breeding chronology.—Although females cap-
tured well before or after they were producing
eggs would not have been detected by VTG anal-
yses, the duration and range of egg production
should be accurate, assuming an equal probabil-
ity of catching any female throughout the sea-
son. Mean date and duration of egg production
estimated using the VTG method were nearly
identical in both years of our study. By contrast,
Lougheed et al. (2002) recorded earlier laying at
the same site from 1996 through 1998 which co-
incided with significant increases of sea-surface
temperature from year to year during the breed-
ing season. The trend detected by Lougheed et al.
(2002) may not have continued into the years of
our study. Alternatively, differences between the
results in Lougheed et al. (2002) and our study
could be attributable, in part, to differences in
methodology. Lougheed et al. (2002) used four
different methods to construct the breeding
chronology and, in doing so, some calculations
produced different results for the same year
(e.g. different estimates for onset of incubation).
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Our single method may have more consistently
assessed interannual variation. Our captures,
which ranged over the same dates for both years
of the study, may have influenced the early end
of the data distribution in 2000; however, that
was not due to flaws in VTG analysis, but to our
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the work describing their breeding chronology,
the underlying reason for asynchronous breed-
ing in Marbled Murrelets remains unclear.
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