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INTRODUCTION

Identifying mechanisms causing a population decline is essential 
for designing effective management strategies for population 
recovery (Green 1995, Jones 2004, Norris 2004). Marbled Murrelets 
Brachyramphus marmoratus (hereafter “murrelets”) are small 
(c. 220 g) seabirds that nest in old-growth coastal coniferous forests 
along the west coast of North America and spend most of their lives 
in nearshore coastal waters (Nelson 1997). Murrelets are listed as 
Threatened in Canada and the United States. Alaska populations 
are estimated to have declined by 70% over the past 24 years, and 
limited evidence suggests recent declines in British Columbia as 
well (Piatt et al. 2007). Threats to murrelet populations are thought 
to include the loss of nesting habitat from widespread logging of 
old-growth forest (Ralph et al. 1995, Burger 2002, Piatt et al. 2007), 
increased nest predation related to terrestrial habitat changes (Nelson 
& Hamer 1995, Burger 2002) and reduced availability of high-quality 
prey species (Peery et al. 2004, Becker & Beissinger 2006, Becker 

et al. 2007b, Norris et al. 2007). Of these potentially competing 
hypotheses, the mechanisms through which diet composition might 
influence reproduction and survival are the least well understood and 
represent a critical information gap.

In many seabirds, shifts in marine communities that affect the 
availability of forage fish influence the physical condition and 
breeding success of birds in the affected regions (Crawford & 
Dyer 1995, Kitaysky et al. 1999, Sydeman et al. 2001, Bertram 
et al. 2002, Hedd et al. 2002, Gjerdrum et al. 2003, Lanctot et 
al. 2003, Hedd et al. 2006). For Marbled Murrelets in California 
and British Columbia, analyses of isotope ratios in feathers, used 
to characterize diet composition during the pre-alternate moult, 
suggest that the trophic feeding level one to two months before 
breeding has declined over the past 100 years, with possible links 
to reduced reproductive success and population growth (Becker & 
Beissinger 2006, Norris et al. 2007). Contemporary field studies 
also suggest positive relationships between prey availability, 
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Marbled Murrelets Brachyramphus marmoratus are small, threatened seabirds that nest in old-growth coniferous forests along the west 
coast of North America and spend most of their lives in nearshore waters. Recent evidence suggests that long-term declines in pre-breeding 
trophic feeding level may be associated with reduced reproductive success. To test the hypothesis that pre-breeding trophic feeding level 
positively influences breeding success, we investigated relationships between timing of breeding, female body condition and pre-breeding 
trophic feeding level. We predicted that females feeding on higher trophic level prey before breeding would be in better condition and would 
initiate egg production earlier than would females feeding on lower trophic level prey. Egg-producing females were identified based on 
elevated yolk precursor (vitellogenin) levels, and diet composition was inferred using stable carbon (δ13C) and nitrogen (δ15N) analysis of 
murrelet and prey tissues during the pre-breeding seasons of 1999, 2000, 2006 and 2007 in Desolation Sound, British Columbia. Contrary 
to our predictions, females feeding on a higher proportion of low trophic level prey in 2007 were in better condition and were more likely 
to produce an egg early in the breeding season. However, differences in pre-breeding diet between egg-producing and non-egg-producing 
females were not consistent among years. Although our results suggest that low trophic level prey in the pre-breeding diet promoted egg 
production and breeding success in 2007, this was likely not the case in other years studied. To reconcile results presented here and previous 
work on diet composition and breeding success in the Marbled Murrelet, we propose an alternative hypothesis of diet quality incorporating 
optimal foraging theory, whereby the net energy gain from feeding on a prey type is a function of its relative availability.
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diet composition and annual reproductive success (Peery et al. 
2004, Becker et al. 2007b). However, whether pre-breeding 
trophic feeding level directly influences breeding success and the 
mechanisms that underlie potential relationships between diet 
composition and reproduction remain uncertain.

Here, we examine the hypothesis that trophic feeding level 
during the pre-breeding period influences breeding success through 
positive effects on body condition and timing of breeding in female 
murrelets. In long-lived species such as murrelets, life-history 
theory predicts a tradeoff between current and future reproduction: 
When resources are scarce or individuals are in poor condition, 
birds forego current reproduction to enhance their survival and 
future reproductive potential (Williams 1966, Goodman 1974). 
Murrelet eggs weigh 16%–19% of adult body mass and represent 
a significant energy investment (Nelson 1997). Murrelets are also 
highly asynchronous breeders (McFarlane Tranquilla et al. 2003), 
and evidence suggests that early nesters achieve higher nest success 
(Zharikov et al. 2006). Taken together, these observations suggest 
that, during periods within a given season when prey abundance 
or quality is low, individual murrelets may postpone reproduction 
until sufficient body reserves have accumulated.

Murrelets take a wide variety of prey (Burkett 1995), but there is 
some evidence that they preferentially select fish over krill early 
in the breeding season (Sealy 1975). Forage fish from higher 
trophic levels contain more energy per item than do smaller fish or 
macrozooplankton (Becker et al. 2007b), and individual murrelets 
able to find and capture higher trophic level prey during the pre-
breeding period may therefore have higher energy reserves and be 
able to breed earlier than do birds feeding on lower trophic level 
prey. We predicted that trophic feeding level would be positively 
associated with body condition and that female murrelets producing 
eggs early in the breeding season would have fed at higher trophic 
levels during the pre-breeding period than females not producing 
eggs early in the breeding period.

To estimate diet, we used stable carbon (δ13C) and nitrogen (δ15N) 
isotope signatures in murrelet feathers and their prey. Stable isotopes 
provide advantages over traditional methods of estimating seabird 
diet, such as gut content analysis, because they represent assimilated 
rather than ingested foods, indicate averages over an extended period 
of tissue formation, and involve minimal impact to the animals being 
sampled (Tieszen et al. 1983, Hobson & Welch 1992).

To identify the females that were producing eggs at the time 
of capture, we measured plasma vitellogenin (VTG) levels, a 
lipophosphoprotein yolk precursor that becomes highly elevated in 
females during egg production (Challenger et al. 2001, McFarlane 
Tranquilla et al. 2003, Vezina & Williams 2003).

METHODS

Murrelet capture and sample collection

Field work was conducted in Desolation Sound, British Columbia 
(50°05′N, 124°40′W), between 6 April and 19 June 2007. Following 
methods of Whitworth et al. (1997) and Vanderkist et al. (1999), we 
captured 169 Marbled Murrelets at night using a dip-net and spotlight. 
From each bird, we took a small blood sample (0.3–0.8 mL), two 
brown-tipped breast feathers, and one sixth of the last secondary 
feather. Blood samples were taken from the brachial vein and stored 

on ice for four to eight hours before being centrifuged at 12 000 rpm 
for 10 minutes. Red blood cells and plasma were stored separately at 
–20°C for further analysis. We also collected red blood cell samples 
during the early breeding periods of 1999, 2000 and 2006 at the same 
location using similar capture techniques. Blood samples from those 
years were stored at –20°C until laboratory analyses.

Prey samples

Potential prey items for isotope analysis were captured in April and 
May 2007 using either a beach seine or a plankton net. We used a 
knotless 4 mm stretch-mesh beach seine, 9.2 m in length, with a 
3.1 m centre tapering to 1.1 m at the wings. Beach seine sets were 
conducted within two hours of low slack tide, on tides less than 
four feet (3.7 m) and at beaches within 10 km of murrelet capture 
locations. We conducted vertical plankton tows at night from 25 m 
depth using a two-metre long, 500 μm mesh plankton net with a 
50-cm mouth diameter. Plankton sampling occurred less than one 
kilometre from most murrelet captures. Prey captured included 
juvenile salmonids Oncorhynchus spp.; juvenile rockfish Sebastes 
spp.; Shiner Surfperch Cymatogaster aggregate; Krill Euphausia 
pacifica; juvenile Pacific Herring Clupea harengus; and larval, 
juvenile and adult Pacific Sand Lance Ammodytes hexapterus.

Stable isotope analysis

To estimate pre-breeding diet, we analyzed brown-tipped breast 
feathers and red blood cells from females captured early in the 
breeding season. Brown-tipped breast feathers are grown during 
the pre-alternate moult in March/April (Nelson 1997). Feathers are 
metabolically inert after growth and so provide an isotope signature 
of diet during the period of feather growth (Hobson & Clark 
1992). Because murrelets begin breeding in April/May (McFarlane 
Tranquilla et al. 2003), isotope values from new breast feathers 
indicate the diet of birds over one to two months before breeding. 
To further evaluate this assumption, we tested whether females 
producing eggs were more likely to have completed pre-alternate 
moult than were females not producing eggs.

We analyzed red blood cells to compare pre-breeding diets within 
and between years, because feather samples were not taken from 
murrelets captured in 1999 or 2000. The δ15N and δ13C from the 
cellular fraction of avian blood typically provides a measure of diet 
over the preceding 20–40 days (Hobson & Clark 1993, Bearhop et 
al. 2002, Evans Ogden et al. 2004). Furthermore, among all birds 
captured before 4 May 2007, a strong correlation was observed 
between both δ13C values (Spearman rs = 0.64, P < 0.0001, n = 41) 
and δ15N values (rs = 0.66, P < 0.0001, n = 41) in red blood cells 
and breast feathers, suggesting that isotope signatures from both 
tissues reflect diet composition during the same time period.

Isotope analysis was conducted at the Queen’s Facility for Isotope 
Research, Kingston, Ontario. Before analysis, feathers were washed 
in 2:1 chloroform:methanol solution for 24 hours, rinsed in fresh 
chloroform:methanol solution and left to air-dry for 48 hours. Red 
blood cells were freeze-dried before analysis. Inorganic carbonate 
was removed from zooplankton samples by treatment with 10% 
hydrochloric acid (Drimmie & Heemskere 2005). After 12 hours, 
the acidic supernatant was removed, and new solution was added. 
This process was repeated until the supernatant remained acidic 
after treatment, and samples were rinsed thoroughly with de-ionized 
water. We subsampled lateral muscle tissue from all fish. Those 
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tissues and the zooplankton samples were freeze-dried and then 
ground to a fine powder. Lipids were removed from powdered 
prey samples by three repeated 30-minute treatments with 2:1 
chloroform:methanol solution, samples were then air dried (Bligh 
& Dyer 1959). Between 0.20 mg and 0.40 mg of each tissue 
sample was loaded into a tin capsule, combusted and oxidized 
in a TC Elemental Analyzer (Thermo Finnigan MAT GMBH, 
Bremen, Germany) and introduced online into a Finnigan MAT 
Delta Plus XL Isotope Ratio Mass Spectrometer (Thermo Finnigan 
MAT GMBH, Bremen, Germany). During analysis, we ran four 
standards [mean ± standard error (SE)]. For carbon, these were 
the international standard NBS 21 Graphite (–27.7‰ ± 0.1‰, n 
= 7) and an in-house standard UC-1 Graphite (–25.6‰ ± 0.2‰, 
n = 7). For nitrogen, we used the international standard RM 8548 
Ammonium Sulphate (19.6‰ ± 0.2‰). For both elements, we also 
used an in-house organic standard: Domestic Chicken Gallus gallus 
blood (δ13C: –20.1‰ ± 0.1‰; δ15N: 3.9‰ ± 0.2‰; n = 17) prepared 
in the same fashion as murrelet blood. We also ran duplicate tissue 
samples from the same feather, blood or prey sample (n = 34), 
which produced a mean [± standard deviation (SD)] difference 
or repeatability of ±0.2‰ (±0.2) for δ15N and of ±0.1‰ (±0.1) 
for δ13C. Isotope ratios (R) are expressed in delta units where δ =  
[(Rsample / Rstandard) – 1] × 1000. δ15N is the ratio of 15N/14N in the 
sample relative to air, and δ13C is the ratio of 13C/12C relative to 
Vienna Pee Dee Belemnite.

Diet composition

Based on their separation along the two isotope gradients, prey 
samples were separated into three groups labelled as low, mid- and 
high trophic level prey (Fig. 1). Isotope values within prey species 
varied significantly with time (M. Janssen, P. Arcese, T.K. Kyser & 
D.R. Norris unpubl. data), and so we used only prey items captured 
during the late pre-breeding to early breeding period (1 April/
4 May). Because we captured only one juvenile Pacific Herring, 
we used the δ15N and δ13C values from that sample as the means, 
and we used as standard deviations of δ15N and δ13C the values for 
Pacific Herring presented in Hobson et al. (1994). We incorporated 

δ15N and δ13C values from prey tissue and murrelet feathers into the 
IsoError dual-isotope, three-source mixing model (Phillips & Gregg 
2001) to estimate the relative proportions of low, mid- and high 
trophic level prey in murrelet diets during the pre-breeding moult. 
Following other dietary-isotope studies of murrelets (Becker & 
Beissinger 2006, Becker et al. 2007b, Norris et al. 2007), we used 
diet–feather fractionation values of 3.7‰ for δ15N and 1.0‰ for 
δ13C, which are based on experiments from a closely related species 
(Common Murre Uria aalge; Becker et al. 2007a).

Isotope values from tissues of murrelets captured in 1999 and 2006 
fell outside the boundaries posed by potential prey captured in 
2007, indicating either that isotopic composition of prey species 
varied between years (Kline 1999) or that the prey consumed by 
murrelets varied between years. For that reason, we estimated 
relative proportions of different trophic levels in the diets of 
murrelets captured in 2007 only.

Sex determination

Because murrelets are sexually monomorphic, we sexed captured 
birds using genetic molecular techniques (Vanderkist et al. 1999). 
DNA was extracted from red blood cells using the GenElute 
Blood Genomic DNA Miniprep Kit (Sigma-Aldrich, St. Louis, 
MO, USA). We used the sex-identification primers developed 
by Griffiths et al. (1998) and a polymerase chain reaction (PCR) 
protocol modified from Jensen et al. (2003), using 5 μL of template 
DNA in a 15 μL PCR mixture containing 100 ng of each primer, 
0.16 mM dNTPs, 4 mM MgCl2, 50 mM KCl, 10 mM Tris–HCl 
pH 8.3, 0.1% Triton X-100, bovine serum albumin 0.8 mg/mL, 
and 0.5 U AmpliTaq (Hoffman-LaRoche Ltd., Mississauga, ON, 
Canada). PCR reactions followed Griffiths et al. (1998) and 
Jensen et al. (2003). Reproducibility of the analysis was 100% and 
was determined from 15 randomly chosen individuals subject to 
replicate PCR reactions.

Classification of egg producers

Murrelets lay one egg per breeding attempt and vitellogenin 
becomes elevated during yolk production of the single egg 
(Vanderkist et al. 2000). An assay for vitellogenic zinc was used 
to determine indirectly the vitellogenin concentration in plasma 
(Mitchell & Carlisle 1991, Vanderkist et al. 2000). Vitellogenic 
zinc was used as an index of VTG as described and validated for 
Marbled Murrelets by Vanderkist et al. (2000). Conservatively, we 
considered VTG values above 0.96 mg μL–1 as an indication that 
birds were producing eggs, following McFarlane Tranquilla et al. 
(2003). The inter-assay coefficient of variation for the VTG-Zn 
assay was 6.3% (n = 9) and the intra-assay coefficient of variation 
was 5.4% (n = 7).

Body condition

We scaled mass to body size to provide an index of body condition. 
Among females captured in 2007, those with elevated VTG 
(237 ± 26 g, n = 52) averaged 26 g heavier than did females not 
producing eggs (211 ± 17 g, n = 39; Welch’s t = 5.7, df = 88, 
P < 0.0001), which was likely a result of the additional mass of 
the developing egg. To facilitate comparisons of mass between 
egg producers and non-egg producers, we subtracted 26 g from 
the mass of all egg-producing females. Among female murrelets 
captured in 2007, unflattened wing chord and tarsus measurements 

Fig. 1. Mean ± standard deviation δ15N and δ13C values of potential 
prey items of Marbled Murrelets Brachyramphus marmoratus 
captured 1 April/2 May 2007 in Desolation Sound, British Columbia. 
Fork lengths of fish were 40–74 mm (juvenile salmonids), 104 mm 
(Pacific Herring Clupea harengus), 95–113 mm (adult sand lance), 
45–80 mm (juvenile sand lance) and 32–36 mm (larval sand lance).
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were weakly correlated (rs = 0.20, n = 99, P < 0.05), and both 
were significant predictors (wing: F = 4.9, P < 0.03; tarsus: F 
= 4.37, P < 0.04) in a least-squares multiple regression predicting 
female mass (R2 = 0.11, n = 99, P = 0.005). We therefore took the 
residuals of this mass–size regression as an index of body condition. 
Body condition was estimated only for murrelets captured in 2007, 
because we could not test predictions relating body condition to diet 
composition in the other three years.

Classifying early breeders

We considered birds captured between 6 April and 4 May 2007—the 
first third of the egg-laying period in Desolation Sound (McFarlane 
Tranquilla et al. 2003)—as being captured “early” in the breeding 
season, and we included only those birds in our analyses. This 
approach reduced the likelihood of erroneously classifying a bird 
that had already laid an egg as a non-breeder or of classifying a 
bird that had re-nested as a first-time breeder. Additionally, after 
4 May, blood isotope signatures indicated a diet shift towards 
higher trophic level prey (M. Janssen, P. Arcese, T.K. Kyser & 
D.R. Norris unpubl. data), and so any influence of pre-breeding diet 
on body condition or probability of breeding would have been less 
evident beyond that date.

For analyses among years, we used samples obtained from 6 April 
through 15 May. This was done partially because of the scarcity of 
blood samples available from 1999 and 2000, but also because δ15N 
and δ13C from the cellular fraction of blood provides a window on 
diet over the preceding 20–40 days (Hobson & Clark 1993, Bearhop 
et al. 2002, Evans Ogden et al. 2004). Thus, isotope values from red 
blood cells of birds captured within the expanded window reflected 
diet during the early breeding period.

Statistical analyses

We used two-sample t-tests to compare δ15N of red blood cells 
between egg producers and non-egg producers within years, and 
diet composition (from breast feathers) between egg-producers and 
non-egg producers in 2007. Linear least-squares regression was 
used to investigate relationships between diet and body condition, 
except where visual inspection of residuals recommended quadratic 
regression instead. Statistical tests were done using JMP version 5.1.2 
(SAS 2004), and we considered P < 0.05 to be statistically significant. 

In a few cases, we discuss results that approached significance (0.05 
< P < 0.10) and allow the reader to judge their importance. Results 
are presented as means ± SE or SD, as indicated.

RESULTS

We observed no difference in δ15N of red blood cells between 
females producing eggs and not producing eggs early in the season 
in 2000 (t = –0.1, P > 0.9, n = 7) and 2006 (t = 0.02, P > 0.9, n = 12), 
but a significant variation in δ15N of red blood cells was observed 
between females in 1999 (t = 2.2, P = 0.04, n = 17) and 2007  
(t = –2.0, P = 0.05, n = 41; Fig. 2). Contrary to our predictions, 
female murrelets producing eggs early in the breeding period in 
2007 had a higher proportion of low trophic level prey in the pre-
breeding diet than did female murrelets not producing eggs (t = 1.8, 
P = 0.04, n = 31; Fig. 3). There was no difference, however, in the 
proportion of mid- (t = –1.08, P > 0.2, n = 31) or high (t = –0.69,  
P > 0.4, n = 31) trophic level prey consumed between egg producers 
and non-egg producers (Fig. 3). Body condition of females captured 
in 2007 was positively related to the proportion of low trophic level 
prey in the pre-breeding diet (R2 = 0.31, n = 31, P = 0.005) and 
negatively related to the proportion of mid-trophic level prey in the 
pre-breeding diet (R2 = 0.12, n = 31, P = 0.056; Fig. 4). In addition, 
we found no evidence of a relationship between the proportion of 
high trophic level prey in pre-breeding diet and body condition of 
females (R2 = 0.006, n = 31, P > 0.5). Finally, we found that females 
producing eggs were more likely than females not producing eggs 
to have finished moulting at time of capture (Fisher exact test, one-
tailed P = 0.03, n = 32), providing evidence that pre-alternate moult 
is often completed just before breeding.

DISCUSSION

Isotope signatures from red blood cells of female murrelets captured 
early in the breeding period suggest that, in 1999 and 2007, females 
producing eggs were feeding on different prey items than were 
females not producing eggs; however, there was no evidence of 
a dietary effect in 2000 or 2006. Moreover, although higher δ15N 
in red blood cells of egg producers in 1999 suggests that egg 
producers were feeding at a higher trophic level were than non-egg 

Fig. 3. Results of dual-isotope, three-source mixing model specifying 
proportion of low, mid- and high trophic level prey in the diets of 
female Marbled Murrelets Brachyramphus marmoratus captured in 
2007, as indicated by isotope signatures from brown-tipped breast 
feathers. Asterisks indicate statistically different values between 
egg and non-egg producers within a trophic level. Error bars show 
the standard error.

Fig. 2. δ15N from red blood cells of female murrelets captured early 
in the breeding season in Desolation Sound, British Columbia. 
Asterisks indicate statistically different values within years; numbers 
above bars are sample sizes. Error bars show the standard error.
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producers before breeding, the opposite relationship was observed 
in 2007. Isotope signatures from brown-tipped breast feathers of 
murrelets captured in 2007 suggest that females that were in better 
physiological condition and producing eggs early in the breeding 
season had fed at a lower trophic level during the pre-breeding 
period than had females in poorer condition and not producing eggs. 
In Desolation Sound, breeding success of murrelets has been shown 
to decline as the nesting season progresses (Zharikov et al. 2006). In 
other long-lived seabirds, female body condition is often positively 
related to breeding success (Chastel et al. 1995, Lanctot et al. 2003). 
Our results do not support our stated hypothesis, suggesting rather 
that the proportion of low trophic level prey before breeding in 2007 
was positively related with individual breeding success. Although 
the absence of prey samples in other years prevented reconstruction 
of murrelet diets, δ15N values from red blood cells suggest that the 
relationships observed in 2007 were absent in 1999, 2000 and 2006, 
and therefore were not consistent between years.

We did not measure reproductive success, and so it is possible 
that female pre-breeding diet might have different relationships 
with other components of successful breeding such as nestling 
growth or fledging success. Nevertheless, our results from 2007 

do not corroborate recent work linking long-term declines in the 
pre-breeding trophic level of murrelets with reproductive success 
(Becker & Beissinger 2006, Norris et al. 2007). Higher trophic 
level prey have higher energy content per item (Becker et al. 
2007b), and it has been suggested that murrelets feeding more on 
energetically inferior (lower trophic level) prey before breeding 
have less energy available for reproduction, resulting in reduced 
population growth rates (Becker & Beissinger 2006, Norris et al. 
2007). However, similar to our 2007 findings, a recent (1998–
2002) study conducted in California found that krill abundance 
was negatively associated with pre-breeding δ15N, but positively 
associated with murrelet productivity (Becker et al. 2007b), 
suggesting that murrelet productivity was higher in years in which 
krill were more prevalent in the pre-breeding diet. Although energy 
per item is considerably higher for mid- and high trophic level 
fish than for krill (Becker et al. 2007b), the energy per unit mass 
is relatively similar between trophic levels, and sometimes higher 
for lower trophic level prey (Vermeer & Cullen 1982, Hedd et al. 
2002, Becker et al. 2007b). Consequently, energy density may be a 
more relevant metric of prey quality than total energy, and krill may 
represent higher quality prey than fish early in the breeding season. 
This hypothesis would predict that females feeding more on lower 
trophic level prey during the pre-breeding period would be more 
likely to produce eggs early in the breeding season, and that this 
relationship would be consistent among years. However, our results 
are not consistent with this hypothesis (Fig. 2), and we therefore 
suggest an alternative hypothesis.

For Marbled Murrelets feeding during the pre-breeding period, 
we propose that the relative availability of different prey needs 
to be considered along with energy content, in making inferences 
about the net energy gain from various prey (Emlen 1966, Becker 
& Beissinger 2006). The most profitable foraging strategy should 
maximize the energy gained per unit time spent searching for and 
handling prey (Holling 1959, Stephens & Krebs 1986). There may 
therefore be a threshold at which the relative available biomasses 
of fish and krill result in no benefit of foraging exclusively on 
one prey type or the other (Fig. 5). However, above the threshold, 
foraging for fish would be most profitable, as might have been 
the case historically before possible declines in abundance of 
Pacific Sardine Sardinops sagax and Northern Anchovy Engraulis 
mordax in California (Leet et al. 2001) and Eulachon Thaleichthys 
pacificus, Pacific salmon and Pacific Herring in the Georgia Basin 
of British Columbia (DFO 1999, 2002, 2005; Therriault et al. 
2009). Interyear diet switching concurrent with changes in relative 
abundance of high- and low-quality prey species has been observed 
in other seabirds (Litzow et al. 2002, Baillie & Jones 2004, Barrett 
2007), and breeding murrelets may adopt the best available strategy 
in a given year (Fig. 2). If targeting fish when the available prey 
biomass ratio is fish-biased is more profitable than targeting krill 
when the ratio is krill-biased, then years in which the best strategy 
is to target fish should yield higher productivity than years in 
which targeting krill is the best strategy. Nevertheless, in years 
with low relative fish availability before breeding, targeting lower 
trophic level prey might result in higher reproductive success at the 
individual level despite lower mean productivity at the population 
level (Fig. 5). Following this hypothesis, it is possible that historic 
declines in pre-breeding trophic feeding level are associated with 
declines in overall productivity, whereas lower pre-breeding trophic 
level in the present study appeared positively associated with 
female body condition and early laying in 2007.

Fig 4. Relationship between body condition and the proportion of 
(A) low trophic level and (B) mid-trophic level prey in the pre-
breeding diet of Marbled Murrelets Brachyramphus marmoratus as 
indicated by stable isotope signatures from breast feathers.
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Diet–feather fractionation values for seabirds can vary significantly 
between and within species (Becker et al. 2007a), but ours is the 
fourth recent isotope-based dietary study of Marbled Murrelets to 
use diet–feather fractionation values of 3.7‰ for δ15N and 1.0‰ 
for δ13C, and all have produced estimates of diet falling within the 
boundaries imposed by predicted diet sources (Becker & Beissinger 
2006, Becker et al. 2007b, Norris et al. 2007). Thus, we believe the 
diet–feather fractionation values used in the present study are robust 
estimates. Likewise, our isotopic prey map may not accurately 
represent the actual prey species consumed because we were unable 
to include all known murrelet prey that occur in Desolation Sound. 
However, the species that were included (Pacific Sand Lance, 
euphausiids and juvenile Pacific Herring) are considered the main 
prey of murrelets in British Columbia, typically comprising 94%–
99% of the adult diet (Burkett 1995). In addition, isotope ranges 
within our trophic level groupings were similar to those obtained by 
Becker et al. (2007b). Thus, it is unlikely that inclusion of isotope 
signatures from the missing prey species would substantially 
alter the mean signatures of the three trophic levels identified or 
the results derived from them. Finally, it is possible that isotope 
signatures of prey collected nearshore differ from those in the diet 
of murrelets feeding farther offshore (Kline 1999), but we consider 
this prospect unlikely. Prey and murrelet samples were collected 
within 12 km of each other, from essentially the same body of 
water. Further, radio telemetry suggests only small-scale variability 
in daytime foraging locations of individual murrelets in Desolation 
Sound (Lougheed 2000). 

Compared with less-experienced or sexually immature females 
more-experienced females may be more adept at foraging, in better 
condition and more likely to produce eggs early in the season 
(Sydeman et al. 1991, Ratcliffe et al. 1998, Bunce et al. 2005). 

Because we could not age murrelets beyond their second year, 
we could not control for this factor. However, we doubt whether 
age could account for the patterns reported here, because the 
relationship between diet and early-season egg production was 
inconsistent among years.

Although we found evidence that pre-breeding diet is at times 
correlated with female body condition and egg production, there 
is much still to learn about early-season diet and effects on later 
stages of reproduction, survival and abundance of murrelets in 
British Columbia. Priorities for future research include examination 
of factors affecting the abundance and availability of murrelet prey 
species; the relationships between prey species availability, diet 
composition and physiological condition; and whether patterns 
observed in British Columbia are prevalent throughout the northern 
range of murrelets. Moreover, there is evidence that diet composition 
at other times in the annual cycle influences the reproductive 
success of murrelets (Becker et al. 2007b) and other auks (Sorensen 
et al. 2009); thus, further research should investigate murrelet 
diets during chick rearing and post-fledging in relation to breeding 
success and overwinter survival. In general, it will be important to 
weigh carefully the roles of marine versus terrestrial factors on the 
population dynamics of Marbled Murrelets.
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