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Abstract: A shortage of nesting habitat is currently thought to be the key factor limiting 
marbled murrelet populations in BC; thus species recovery efforts focus on the 
conservation of nesting habitat in old growth coastal forests.  Our research tested whether 
historic declines in the diet and marine habitat quality of the marbled murrelet may now 
limit population growth rate in this species in the Georgia Basin, BC, and whether similar 
declines in diet quality have taken place in less heavily impacted marine habitats west of 
Vancouver Island and the north and central BC coast.  Our results support earlier work 
indicating that marked declines in the diet quality and reproductive rate of marbled 
murrelets have taken place in the Georgia Basin over the last century.  This and related 
findings discussed in this report suggest that marbled murrelet populations are likely to 
grow more often, and persist on the landscape longer, where managers take steps to 
maximize the quality of marine foraging habitat adjacent to nesting habitat reserves set 
aside for murrelet conservation.  Our results further suggest that where suitable nesting 
habitat exists, but murrelet populations remain in decline, managers should consider steps 
to improve the foraging success of murrelets during the breeding period, including the 
restoration of forage fish populations.  

This report includes four main sections representing original research papers 
currently in press, under review or in preparation for journal submission.  Section 1 is 
titled “Pre-breeding diet, condition and timing of breeding in a threatened seabird, the 
marbled murrelet Brachyramphus marmoratus” (Janssen, M, P Arcese, T Kyser, D 
Bertram, L McFarlane-Tranquilla, T Williams & D Norris. Waterbirds, in press).  
Section 2 is titled “Concurrent declines in nestling diet quality and reproductive success 
of a threatened seabird over 150 years” (Gutowsky, S, M Janssen, P Arcese, K Kyser, D 
Ethier, M Wunder, D Bertram, L McFarlane-Tranquilla, C Lougheed & R Norris.  
Endangered Species Research, in review).  Section 3 is titled “Stable isotopes reveal 
strategic allocation of resources during juvenile development in a cryptic and threatened 
seabird” (Janssen, M, P Arcese, K Kyser, D Bertram & R Norris. in preparation for 
Journal of Applied Ecology, May 2009).  Section 4 is titled “Influence of the Spatial 
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Distribution of Marine Foraging Areas on the Selection of Terrestrial Reserves for 
Marbled Murrelet Nesting Habitat in British Columbia” (Hazlitt, S, T Martin, L Sampson 
and P Arcese, in preparation for Conservation Biology, July 2009). 
 
Introduction 

The Marbled Murrelet (MAMU) nests in mature coastal forest but resides most of 
its life at sea. MAMUs are listed as Threatened in Canada (COSEWIC) and Red-listed in 
British Columbia. Causes of population decline are thought to include the loss and 
fragmentation of forest habitat and increased mortality related to over-fishing, climate 
change and other factors related to declines in the quality of habitat at sea. Of these 
causes, the influence of diet quality on MAMU populations is the least understood aspect 
of this species and represents a critical information gap.  The overarching goal of our 
research was to test if historic declines in the diet and marine habitat quality of MAMUs 
may now limit population growth rate in this species in the Georgia Basin, and in less 
heavily impacted marine habitats west of Vancouver Island and the Queen Charlotte 
Sound.  Our preliminary results for the Georgia Basin support this hypothesis (Norris et 
al. 2007, J. Appl. Ecol. 44: 875-884).  Confirmation of these preliminary results and 
comprehensive tests for long-term declines in MAMU diet quality in other regions of BC 
is therefore required to refine management practices and policies, identify critical habitat 
requirements, and maximize the likelihood that conservation actions result in the 
recovery of the Canadian MAMU population in BC.   

In this report we review relevant results to date, summarized in four sections 
corresponding to peer-reviewed journal contributions in various stages of publication. 
Our results are presented in four sections representing original research focused on tests 
of hypothetical links between: a) female fertility and pre-breeding diet quality; b) nesting 
growth and diet and c) fledgling survival and diet.  We also describe a pilot study that 
employed features of the marine environment likely to represent high quality foraging 
habitat for Marbled Murrelets to optimize the spatial distribution of old growth forest 
reserves for nesting marbled murrelets in the central coast of BC, as part of a larger, 
effort to apply ‘Ecosystem-based Management’ on the BC coast.  Our results rule-out one 
mechanism potentially underlying demographic decline as a consequence of poor diet by 
rejecting the hypothesis that females feeding at low trophic levels during the pre-breeding 
period suffer reduced fertility.  In contrast, we found strong support for two alternative 
mechanisms capable of causing demographic decline in murrelets via the effects of 
nestling diet quality on growth and survival.  Specifically, our results indicate that 
nestling diet quality (trophic level food items delivered to nestlings) has declined over the 
last 150 years in the Georgia Basin, but was related positively to structural size and 
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condition in live-caught hatch-year Marbled Murrelets in Desolation Sound.  In parallel 
with declines in adult and nestling trophic feeding level, we also observed a decline in the 
ratio of juvenile to adult murrelets in historic versus current-day surveys of Georgia 
Basin, suggesting that current-day reproductive rates are lower than those experienced 
historically by this threatened species.   

Overall, our results are consistent with the hypothesis that long-term changes in 
marine habitat quality in the Georgia Basin have reduced breeding season diet quality and 
reproductive success in Marbled Murrelets, and that these changes may now limit 
population growth in this species even where surpluses of nesting habitat exist.  Less 
detailed analyses of Marbled Murrlet diets in other coastal regions of BC, which support 
the bulk of the Canadian Marbled Murrelet population, appear to have experienced 
smaller or no declines in diet quality over the last 150 years.  In these regions, Marbled 
Murrelet populations are most likely to maintain positive population growth rates in 
future if, as forests are harvested, nesting habitat reserves are concentrated near high 
quality marine foraging areas.  With these recommendations in mind, we describe the 
consequences of prioritizing nesting habitat reserves by their proximity to permanent 
features indicative of high realized foraging success in Marbled Murrelets in the central 
coast of BC.  Prioritizing murrelet nesting habitat may create efficiencies in planning by 
amalgamating reserves and should help to maintain positive population growth rates. 
 
Section 1: Pre-breeding diet, condition and timing of breeding in a threatened seabird, the 
marbled murrelets Brachyramphus marmoratus 
 
In press: Marine Ornithology, Salish Sea Special Issue, 2009.  Please contact 
Peter.Arcese@ubc.ca for status before citing. 
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Summary 
Marbled murrelets (Brachyramphus marmoratus) are small, threatened seabirds that nest 
in old-growth coniferous forests along the west coast of North America and reside most 
of their lives in near-shore 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 prior to breeding would be in better condition and initiate egg 
production earlier than 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, BC.  Contrary to our predictions, females feeding on a higher 
proportion of low trophic level prey in 2007 were in better condition and more likely to 
be producing an egg early in the breeding season.  However, over all years, differences in 
pre-breeding diet between egg-producing females and non-egg producers were not 
consistent.  Our results suggest that in 2007, the proportion of low trophic level prey in 
pre-breeding diet is related to egg production and may be positively related to breeding 
success, although this was likely not the case in others years studied.  To reconcile results 
presented here and in 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 group is a 
function of its relative availability.    
 
Introduction  
Identifying the mechanisms causing 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 
(approx. 220 g) seabirds that nest in old-growth coastal coniferous forests along the West 
Coast of North America and reside the majority of their lives in near-shore coastal waters 
(Nelson 1997).  Murrelets are listed as threatened in Canada and endangered in the US, 
and Alaskan populations are estimated to have declined by 70% over the past 24 years, 
while limited evidence suggests recent declines in British Columbia (BC) as well (Piatt et 
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al. 2007).  Threats to murrelet populations are thought to include the loss of nesting 
habitat due to widespread logging of old growth forest (Ralph et al. 1995, Burger 2002, 
Piatt et al. 2007), elevated nest predation related to habitat conversion (Nelson & Hamer 
1995, Burger 2002), and reductions in 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 
can also 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 BC, analyses of isotope ratios in feathers, used to 
characterize diet composition during the pre-alternate moult, suggest that the trophic 
feeding level 1-2 months prior to breeding has declined over the past 100 years, and that 
this decline may be linked to reduced reproductive success and population growth 
(Becker & Beissinger 2006, Norris et al. 2007).  Contemporary field studies also suggest 
positive relationships between prey availability, 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 underlying 
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.  For relatively long-lived species, such as murrelets, life-
history theory predicts a tradeoff between current and future reproduction, such that when 
resources are scarce or individuals are in poor condition, they forgo reproduction in a 
current year to enhance their survival and reproductive potential in future (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, within a given season, individual murrelets may elect to postpone the costs 
of reproduction during periods where prey abundance or quality is low until sufficient 
body reserves for reproduction have accumulated.   
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Murrelets feed on a wide variety of prey items (Burkett 1995), but there is some evidence 
that murrelets preferentially select fish over krill in relation to their relative availability 
early in the breeding season (Sealy 1975).  Forage fish from higher trophic levels contain 
more energy per item than smaller fish or macro-zooplankton (Becker et al. 2007b) and 
individual murrelets better able to find and capture higher trophic level prey during the 
pre-breeding period may therefore have higher energy reserves, be in better condition, 
and be able to breed earlier than 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 contents, because they 1) represent 
assimilated rather than ingested foods, 2) represent long-term averages over the period of 
tissue formation, and 3) involve minimal impact to the animals being sampled (Tieszen et 
al. 1983, Hobson & Welch 1992).  To identify which females 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 (DS), British Columbia (50˚05’N 
124˚40’W) between 6 April - 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.  We took from each bird a small blood sample (0.3-0.8 mL), two 
brown-tipped breast feathers, and 1/6 of the last secondary feather.  Blood samples were 
taken from the brachial vein and stored on ice for 4-8 hrs. Blood samples were then 
centrifuged at 12000 rpm for 10 minutes, and then 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 these years were stored at -20˚C until laboratory 
analyses.  
 
Prey samples 
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Potential prey items for isotopic 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 center that tapers to 1.1 m at the wings.  Beach seine 
sets were conducted within 2 hours of low slack tide, on tides less than 4 feet and at 
beaches within 10 km of murrelet capture locations.  We conducted vertical plankton 
tows at night from 25m depth using a 2 m long, 500µm mesh plankton net with a 50 cm 
mouth diameter, less than 1 km from the majority of murrelet captures.  Prey captured 
included juvenile salmonids Onchorhynchus spp., juvenile rockfish Sebastes spp., Shiner 
Surfperch Cymatogaster aggregate, krill Euphausia pacifica, juvenile Pacific Herring 
Clupea harengus, and larval, juvenile and adult Pacific Sandlance 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 from March-April (Nelson 1997).  Feathers are 
metabolically inert after growth, and so provide an isotopic signature of diet during the 
period of feather growth (Hobson & Clark 1992).  Because murrelets begin breeding in 
April-May (McFarlane Tranquilla et al. 2003), isotopic values from these feathers 
indicate diet for 1-2 months prior to breeding.  To further evaluate this assumption we 
tested whether females producing eggs were more likely to have completed pre-alternate 
moult than females not producing eggs.  
 
To compare pre-breeding diet between years we analyzed red-blood cells because feather 
samples were not taken from murrelets captured in 1999 or 2000.  δ15N and δ13C from the 
cellular fraction of avian blood typically provides a window into diet over the past 20-40 
days (Hobson & Clark 1993, Bearhop et al. 2002, Evans Ogden et al. 2004).  
Furthermore, among all birds captured before May 4, within 2007, there was a strong 
correlation between both δ13C values (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 isotopic 
signatures from both tissues provide a window into 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 h, rinsed in fresh chloroform:methanol solution, and left to air-dry for 48h.  Red blood 
cell samples were freeze dried prior to analysis.  Inorganic carbonate was removed from 
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zooplankton samples by treatment with 10% hydrochloric acid (Drimmie & Heemskere 
2005).  After 12 hours the acidic supernatant was removed and new solution 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, and these 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 and then air dried (Bligh & 
Dyer 1959).  Between 0.20 - 0.40 mg of each tissue sample was loaded into a tin capsule, 
then combusted and oxidized in a TC Elemental Analyzer and introduced online into a 
Finnigan MAT Delta Plus XL Isotope Ratio Mass Spectrometer.  During analysis we ran 
four standards (mean ± 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) which was 
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 (± SD) 
difference or repeatability of ± 0.2‰ (± 0.2) for δ15N, and ± 0.1‰ (± 0.1) for δ13C.  
Isotope ratios (R) are expressed in δ units where δ = [(Rsample/ Rstandard) – 1] x 1000.  δ15N 
is the ratio of 15N/14N in the sample relative to air and δ13C is the ratio of 13C/12C relative 
to Vieena Pee Dee Belemnite.   
 
Diet composition 
Based on their separation along the two isotopic gradients, prey samples were separated 
into three groups labeled as low, mid and high trophic level prey (Fig.1).  Isotopic values 
within prey species varied significantly with time (MHJ, PA, TKK, DRN unpubl. data), 
so we only used prey items captured during the late pre-breeding – early breeding period 
(April 1- May 4).  We captured only one juvenile Pacific Herring so we used the δ15N and 
δ13C value from this sample as the mean and used standard deviations of δ15N and δ13C 
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 molt.  We used a 
diet-feather fractionation value of 3.7‰ for δ15N and 1.0‰ for δ13C that is based on 
experiments from a closely related species (Common Murre Uria aalge; Becker et al. 
2007a) and have been used in other dietary-isotope studies on murrelets (Becker & 
Beissinger 2006, Becker et al. 2007b, Norris et al. 2007).   
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Isotopic values from tissues of murrelets captured in 1999 and 2006 fell outside the 
boundaries posed by potential prey captured in 2007, indicating that either isotopic 
composition of prey species varied between years (Kline 1999), or that the prey 
consumed by murrelets varied between years.  For this reason, we only estimated relative 
proportions of different trophic levels in the diets of murrelets captured in 2007. 
 
Sex determination 
Because murrelets are sexually monomorphic, we sexed captured birds using genetic 
molecular techniques (Vanderkist et al. 1999, Peery et al. 2006).  DNA was extracted 
from red blood cells using the GenElute Blood Genomic DNA Miniprep Kit (Sigma-
Aldrich Inc.).  We used the sex-identification primers, P2 (5’-
TCTGCATCGCTAAATCCTTT-3’) and P8 (5’-CTCCCAAGGATGAGRAAYTG-3’) 
developed by Griffiths et al. (1998) and a PCR protocol modified from Jensen et al. 
(2003) using 5μl of template DNA in a 15 μl PCR mixture containing: 100 ng of each 
primer, 0.16 mM dNTPs, 4mM MgCl2, 50mM KCl, 10mM Tris-HCl pH 8.3, 0.1 %Triton 
X-100, BSA 0.8 mg/ml, and 0.5 units AmpliTaq (Roche).  PCR profiles followed 
Griffiths et al. (1998) and Jensen et al. (2003), consisting of a 1.5 minute denaturation 
step at 94°C, 35 cycles of 30s denaturation at 94°C, 45s annealing at 54°C and a 45s 
extension at 72°C.  The program finished with a final cycle of 60s at 52°C and a final 
extension for five min at 72°C.  PCR fragments were fractionated on a 2% agarose gel.  
Both negative and positive controls were included in all series of PCR reactions.  We 
used an extraction blank as a negative control in the PCR reaction.  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 only one egg per breeding attempt and vitellogenin becomes elevated 
during yolk production of this single egg (Vanderkist et al. 2000).  An assay for 
vitellogenic zinc was used to indirectly determine vitellogenin concentration in the 
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 of > 0.96 mg µL-1 to indicate birds 
that were producing eggs, following McFarlane-Tranquilla et al. (2003).  Inter-assay 
coefficient of variation for the VTG-Zn assay was 6.3 % (N = 9) and intra-assay CV was 
5.4% (N = 7). 
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Body condition 
We scaled mass to body size to provide an index of body condition.  Among all females 
captured within 2007, mass of females with elevated VTG (237 + 26 g, N = 52) was on 
average 26 g heavier than females not producing eggs (211 + 17 g, N = 39; Welch’s t = 
5.7, DF = 88, P < 0.0001), which was likely due to the additional mass of the developing 
egg.  To facilitate comparisons of mass among 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 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), so we took the residuals of this mass–size 
regression as an index of body condition.  Body condition was estimated for murrelets 
captured only in 2007 because we could not test predictions relating body condition to 
diet composition in the other three years.   
 
Classifying early breeders 
For 2007, we considered birds captured between April 6 - May 4 as being captured 
‘early’ in the breeding season and included only these birds in our analyses.  We chose 
this period because it represents the first third of the egg laying period in Desolation 
Sound (McFarlane Tranquilla et al. 2003).  By considering only females sampled during 
this period, we minimize instances of erroneously classifying a bird that had already laid 
an egg as a “non-breeder”, or classifying a bird that had re-nested as a “first-time 
breeder”.  Additionally, after May 4, blood isotopic signatures indicated a diet shift 
towards higher trophic level prey (MHJ, PA, TKK, DRN unpubl. data), so pre-breeding 
diet was likely less influential on body condition or probability of breeding after this 
point.  
 
For analyses among years, we expanded the time window from April 6 - May 15.  This 
was done partially because of the scarcity of available blood samples from 1999 and 2000 
but also because δ15N and δ13C from the cellular fraction of blood provides a window into 
diet over the past 20-40 days (Hobson & Clark 1993, Bearhop et al. 2002, Evans Ogden 
et al. 2004).  Isotopic values from red blood cells of birds captured within this expanded 
window therefore provide a window into diet during the early breading period.  
 
Statistical analyses 
We used two sample t-tests to test for differences in δ15N of red-blood cells between egg 
producers and non-egg producers within years, and for differences in diet composition 
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(from breast feathers) between egg-producers and non-egg producers in 2007.  Ordinary 
least squares regression was used to investigate relationships between diet and body 
condition, except where visual inspection of residual plots indicated non-linear data in 
which case quadratic regression was used.  Statistical tests were done using JMP ver. 
5.1.2 (SAS 2004) and we considered P < 0.05 to be statistically significant.  However, in 
a few cases, we discuss results that approach significance (0.05 < P < 0.10) and allow the 
reader to judge their importance.  Results are presented as means ± SE or SD.  
 
Results 
Within years, there was 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 there was significant variation in δ15N of red 
blood cells 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 of 2007 had a higher proportion of low trophic level prey in pre-
breeding diets than female murrelets not producing eggs (t = 1.8, P = 0.04, N = 31; Fig. 
3).  There was however, no difference 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).  Additionally, 
we found no evidence of a relationship between the proportion of high trophic level prey 
in pre-breeding diet on body condition of females (R2 = 0.006, N = 31, P > 0.5).  Finally, 
we found that females producing eggs were more likely to have finished moulting at time 
of capture, than females not producing eggs (Fisher’s Exact test, one tailed P = 0.03, N = 
32), providing evidence that pre-alternate moult is often completed just prior to breeding.   
 
Discussion 
Isotopic 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 females not producing eggs, but there was no evidence of 
separate diets in 2000 and 2006.  Additionally, while higher δ15N in red blood cells of egg 
producers in 1999 suggests egg producers were feeding at higher trophic level prior to 
breeding than non-egg producers, the opposite relationship was observed in 2007.  
Isotopic signatures from brown tipped breast feathers of murrelets captured in 2007 
suggest that females that were in better physiological condition and producing eggs early 
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in the breeding season had fed at lower trophic level during the pre-breeding period than 
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).  
Considering timing of breeding and female body condition as early-season indicators of 
breeding success, our results do not support this hypothesis and suggest that, in 2007, the 
proportion of low trophic level prey in the diet prior to breeding may have been positively 
related to individual breeding success.  Although the absence of prey samples in other 
years prevented reconstruction of diet, δ15N values from red blood cells suggest that the 
relationships observed in 2007 were likely not present in 1999, 2000 or 2006, and 
therefore not consistent between years.   
 
We did not directly measure reproductive success and it is possible that female pre-
breeding diet composition does not show similar relationships with later stages of 
breeding, such as nestling growth, or fledge success.  Nevertheless, our results from 2007 
do not support recent work linking long-term declines in murrelet pre-breeding trophic 
feeding level with reproductive success (Becker & Beissinger 2006, Norris et al. 2007).  
Higher trophic level prey has 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 prior to 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 study conducted in California from 1998-
2002 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 may have been higher in years when krill were more prevalent in 
pre-breeding diet.  
 
In an effort to reconcile results from this study and other contemporary and historical 
studies, we suggest that relative abundance of different prey groups need to be considered 
along with energy content when making inferences about the net energy gain of targeting 
specific prey groups (Emlen 1966, Becker & Beissinger 2006).  Not considering specific 
nutrient requirements, one might expect that the most profitable prey should maximize 
the rate of energy gained per unit time spent searching for and handling prey (Holling 
1959, Stephens & Krebs 1986).  Although energy per item is considerably higher for mid 
and high trophic level fish than krill (Becker et al. 2007b), the energy per unit mass 
between trophic levels is relatively similar, and sometimes higher for lower trophic level 
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prey (Vermeer & Cullen 1982, Hedd et al. 2002, Becker et al. 2007b).  Relative available 
biomass of the different trophic levels may, therefore, play a key role in determining the 
most profitable foraging tactic at any given point in time.  One might therefore expect a 
threshold to exist at which the relative available biomass of fish to krill results in no 
benefit of foraging exclusively on one prey group or the other (Fig. 5).  Above this 
threshold, however, one might expect that foraging for fish would be most profitable, as 
might have been the case historically prior to possible declines in abundance of Pacific 
Sardine Sardinops sadax and Northern Anchovy Engraulis mordax  in California (Leet et 
al. 2001) and Eulachon Thaleichthys pacificus, Pacific salmon  Onchorhynchus spp. and 
Pacific Herring in the Georgia Basin (DFO 1999, DFO 2002, DFO 2005, Hay et al. In 
Press).  Inter-year diet switching behavior concurrent with variation 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 within any given year breeding murrelets 
may choose the best available strategy (Fig 2).  As fish have higher energy per prey item 
than krill, one might expect that years in which the best strategy is to target fish, are more 
productive than years in which targeting krill is the ‘best’ strategy (Fig. 5).  Additionally, 
in years with low relative fish availability prior to 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 not 
surprising that historic declines in pre-breeding trophic feeding level are associated with 
declines in overall productivity, whereas, in 2007, lower pre-breeding trophic feeding 
level appeared positively associated with early season indicators of individual breeding 
success.   
 
Diet-feather fractionation values for seabirds can vary significantly among and within 
species (Becker et al. 2007a), and it is possible that fractionation values used here did not 
match actual values because they were based on a captive feeding experiment on a 
closely related bird, the common murre Uria aalgae.  However, this is the fourth recent 
isotope-dietary study of marbled murrelets using diet-feather fractionation values of 
3.7‰ for δ15N and 1.0‰ for δ13C, all of which produced estimates of diet from isotopes 
that fell within boundaries imposed by predicted diet sources (Becker & Beissinger 2006, 
Becker et al. 2007b, Norris et al. 2007).  We, therefore, feel it is likely that diet-feather 
fractionation values used in this study are robust estimates.  It is also possible that our 
isotopic prey map may not be entirely representative of actual prey species consumed 
because we were not able to capture all known murrelet prey items that occur in 
Desolation Sound.  Potential prey items that were not captured include: Black Rockfish 
Sebastes melanops, Yellowtail Rockfish Sebastes flavidus, Quillback Rockfish Sebastes 
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maliger, Market Squid Loligo opalescens, Surf Smelt Hypomesus pretiosis, Eulachon 
Strongylura exilis, and amphipod spp.  Although we were able to capture juvenile copper 
rockfish Sebastes caurinus, and shiner surfperch Cymatogaster aggregata, we did not 
include these in our prey map because they were not abundant early in the breeding 
period and were likely not important prey items to murrelets during this time.  The 
species we did include (sandlance, euphausiids and juvenile pacific herring) are 
considered the main prey items of murrelets within BC and based on previous dietary 
studies typically constitute 94-99% of the diet of adult murrelets in BC (Burkett 1995).  
In addition, isotopic ranges within our trophic level groupings are similar to those 
obtained by Becker et al. (2007b). Thus, it is unlikely that inclusion of isotopic signatures 
from the missing prey species would significantly alter the mean isotopic signatures of 
the three trophic levels or the results presented here.  It is also possible that isotopic 
signatures of individual prey items collected near shore do not accurately represent those 
in the murrelet diet due to spatial variation in murrelet foraging location and spatial 
variation in isotopic signatures of prey (Kline 1999).  However, we expect that this 
possibility is unlikely to have influenced our results given that all prey and murrelet 
samples were collected within 12 km of each other and in the same body of water.  
Additionally, radio telemetry data indicates that daytime locations of adults varies by 
approximately 3 km between the pre-breeding and incubating periods (Lougheed 2000), 
suggesting small scale variability in daytime foraging locations.   
 
More experienced females might be expected to be more adept at foraging, in better 
condition, and more likely to be producing eggs early in the season, than less experienced 
females, or sexually immature females (Sydeman et al. 1991, Ratcliffe et al. 1998, Bunce 
et al. 2005). We are not aware of any method of aging murrelets in the field after their 
second year so we could not account for this potentially confounding factor.  We expect 
however, that age is not driving the patterns reported here because the relationship 
between diet and early-season egg production is not consistent between years.   
 
Our results demonstrate the utility of vitellogenin and isotopic analyses in determining 
breeding status and diet composition in a species that is otherwise difficult to study.  
While we did provide evidence that pre-breeding diet composition influences egg 
production and potentially breeding success, we still do not fully understand how diet 
composition influences later stages of reproduction, survival or abundance of murrelets in 
BC.  Priorities for future research should include examining which factors influence the 
abundance and availability of murrelet prey species, how the availability of different prey 
species influences diet composition and energetic status, and whether these patterns are 
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prevalent throughout the northern range of murrelets.  There is also evidence that diet 
composition during other periods of the annual cycle might influence reproductive 
success of murrelets (Becker et al. 2007b) and other auks (Sorensen et al. In press) and 
further research should seek to understand how adult and chick diet composition during 
chick rearing and post-fledging could influence breeding success and over-winter 
survival.  Such work will help to further elucidate the roles of marine versus terrestrial 
influences on the population dynamics of the Marbled Murrelet.  
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Figure Legends 
 
Fig. 1. Mean (+ SD) δ15N and δ13C values of potential prey items of Marbled Murrelets 
captured April 1 – May 2 2007, within Desolation Sound BC.  Fork length of fish were: 
juvenile salmonids (40- 74mm), Pacific Herring (104mm), adult Sandlance (95-113mm), 
juvenile Sandlance (45-80mm) and larval Sandlance (32-36mm). 
 
Fig. 2. δ15N from red blood cells of female murrelets captured early in the breading 
season within Desolation Sound. (*) indicates statistically different values within years, 
†numbers indicate sample size, error bars are SE’s.  
 
Fig 3. Results of dual-isotope, 3-source mixing model specifying proportion of low, mid 
and high trophic level prey in the diets of female marbled murrelets captured in 2007, as 
indicated by isotopic signatures from brown-tipped breast feathers.  (*) indicates 
statistically different values between egg and non-egg producers within a trophic level. 
Error bars are SE’s.   
 
Fig 4. Relationship between body condition and pre-breeding diet as indicated by  
isotopic signatures from brown-tipped breast feathers. 
 
Fig 5. Hypothesized relationship between relative available biomass of fish and krill 
during the pre-breeding period, and the profitability of targeting only fish or only krill.  
‘a’ indicates a biomass ratio as may have been present historically, whereas ‘b’ represents 
a biomass ratio that may be more common in contemporary periods.  One would expect 
breeding success to peak when energy gained/ time is highest.  
 
  

 21



Fig. 1 

 

δ13C

δ15
N

 

larval sandlanceEuphausiids

juvenile sandlance

adult sandlance

herring

juvenile salmonids

High trophic level

Mid trophic level

Low trophic level

9.00

10.00

11.00

12.00

13.00

14.00

-18.50 -18.00 -17.50 -17.00 -16.50 -16.00 -15.50

 22



 
Fig. 2 

1

11.50

12.00

12.50

13.00

13.50

14.00

1999 2000 2006 2007

egg producers
non-egg producersea

rly
 s

ea
so

n 
δ15

N

6
8

4

25

1611†

6
*

*

 23
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Fig. 4 
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Fig. 5 
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Section 2: Concurrent declines in nesting diet quality and reproductive success of a 
threatened seabird over 150 years.  
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ABSTRACT:  Successful conservation of threatened species is often hindered by a lack of long-
term data required to identify the vital rates contributing to population decline and the extrinsic 
factors influencing those rates.  Museum collections can provide a valuable resource for 
reconstructing the historic demography and diet of otherwise secretive species.  Here, we used 
age-ratios (the relative number of hatch-year to after-hatch-year individuals) to examine the 
hypothesis that population declines in a threatened seabird, the Marbled murrelet 
(Brachyramphus marmoratus), are due to declines in reproductive success over the past 150 
years.  We also used stable-nitrogen isotopes to examine the hypothesis that variation in 
reproductive success over this period is related to the quality of food received by young in the 
nest.  Age-ratios from at-sea surveys conducted from 1994-2001 were significantly lower than 
museum collection age-ratios from 1860-1950. Stable-nitrogen isotope values indicated that the 
trophic feeding level of murrelet nestlings declined by 1.8‰ from 1854-2008.  Our results 
suggest that the reproductive success of Marbled murrelets breeding in the Georgia Basin has 
declined over the past 150 years and that declines in nestling diet quality may be partly 
responsible.  Overall, our results support the idea that managers should consider the quality of 
both nesting and marine foraging habitat as they attempt to improve reproductive success and 
population growth rate in this threatened species. 

 
KEYWORDS: Marbled murrelet, stable isotopes, age-ratios, diet reconstruction, museum 
specimens, Brachyramphus marmoratus, Georgia Basin  
 
INTRODUCTION 
Successful conservation of threatened species requires proper identification of the demographic 
vital rates that drive population trends and the extrinsic factors that influence those vital rates 
(Green 1995, Norris 2004).  Accomplishing these objectives can be challenging, particularly 
when long-term data are not available (Caughley 1994). Marbled murrelets (Brachyramphus 
marmoratus; hereafter ‘murrelets’) are currently listed as endangered under the IUCN Red List 
of Threatened Species and threatened under COSEWIC.  In Alaska, populations are estimated to 
have declined by 70% over the past 25 years and available evidence indicates that similar 
declines have occurred in the Georgia Basin, British Columbia (Piatt et al. 2007, Bower in 
press).  Murrelets are a secretive species that typically nest on the high limbs of large trees up to 
50 km inland (Nelson 1997), making it particularly challenging to study their breeding biology 
and identify the demographic rates contributing to their decline.   

Here, we used age-ratios, or the relative number of hatch-year to after-hatch-year birds, to 
examine the hypothesis that declines in murrelet abundance are due in part to declines in 
reproductive success.  Much evidence now suggests that the reproductive success of murrelets in 
British Columbia and California is limited by the availability of nesting habitat in old-growth 
forest (Ralph et al. 1995, Burger 2002, Piatt et al. 2007), nest predation (Nelson & Hamer 1995, 
Peery et al. 2004) and prey availability (Becker & Beissinger 2006, Norris et al. 2007).  Murrelet 
reproductive success estimated from age-ratios was shown to have declined by nearly an order of 

 



magnitude in central California from 1892-2003 (Beissinger & Peery 2007).  Thus, we predicted 
that contemporary estimates of reproductive success in the Georgia Basin from at-sea surveys 
conducted from 1994-2001 would be lower than historic estimates derived from museum age-
ratios collected from 1860-1950 in the same region. 

We also examined the hypothesis that variation in murrelet reproductive success is 
related to the quality of food received by young in the nest.  In several species of alcids, nestling 
diet quality is positively related to body condition (Davoren & Montevecchi 2003), growth rate 
(Bertram et al. 2002, Litzow et al. 2002, Wanless et al. 2005, Hedd et al. 2006), and fledging 
date (Harfenist 1995, Ydenberg et al. 1995, Moreby & Ydenberg 1997).  Most recently, Janssen 
et al. (in prep) suggest that nestling murrelets preferentially allocated resources to wing growth, 
ostensibly to increase their chances of reaching water on their maiden flights to the sea.  Related 
evidence also suggests that nestling diets may have changed over the last century, given that in 
both California and British Columbia, trophic feeding level in adult pre-breeding diet has showed 
strong temporal declines (Becker & Beissinger 2006, Norris et al. 2007).  Thus, we predicted that 
declines in murrelet nestling diet quality have occurred concurrently with observed declines in 
reproductive success and adult trophic feeding level over the last 150 years.   

To test our prediction above, we analyzed stable-nitrogen isotopes (δ15N) in juvenile 
breast feathers collected from museum specimens and contemporary at-sea captures from the 
Georgia Basin.  In marine ecosystems, δ15N values in predators predictably reflect the isotopic 
composition of their prey, because δ15N is enriched at higher trophic levels (Hobson et al. 1994).  
Because feathers are metabolically inert, their isotopic signatures are indicative of the food 
ingested as feathers grow (Hobson & Welch 1992, Hobson et al. 1994).  Brown-tipped breast 
feathers of hatch-year murrelets are grown in the nest (Nelson 1997), and therefore contain 
isotopic signatures that indicate nestling diet composition. 

 
METHODS 
Estimating reproductive success.  We recorded hatch-year (HY; 0-1 year-old) and after-hatch-
year (AHY; > 1 year-old) murrelets from museum specimens that were collected between 
August-February, 1860-1950 in the Georgia Basin (50°60′–47°15′ N, 121°58′–125°29′ W) and 
from at-sea surveys conducted in Desolation Sound (50° 58′, 124° 48′) in August, 1994-2001.  
The age class of museum specimens was determined in the hand using plumage characteristics 
(as described by Beissinger & Peery 2007).  At-sea surveys were conducted according to 
protocol outlined in Lougheed et al. (2002).  The vessel crew changed between years (1994-
1995, 1996-1998, and 1998-2001) but with significant overlap in personnel between years, such 
that the survey methodology was taught directly from outgoing to incoming crew.  Here, we 
define reproductive success, R, as the number of offspring produced per adult or sub-adult.  To 
estimate R, we used the ratio of HY to AHY birds (HY/AHY), where the standard error SER, was 
estimated as: [(HY*AHY)/(HY+AHY)3]1/2 (Ricklefs 1997). 

Both historic and contemporary samples were corrected for the proportion of nestlings 
that had not fledged in August by dividing the number of juveniles detected by the proportion of 

 1



young expected to have fledged at the time of collection or sampling (Beissinger & Peery 2007).  
This proportion was derived from breeding chronologies of murrelets in Desolation Sound, as 
estimated from vitellogenin, a yolk protein precursor that indicates whether or not females are 
producing eggs (McFarlane Tranquilla et al. 2003).  McFarlane Tranquilla et al. (2003) estimated 
that the peak fledging period in 1999 and 2000 occurred on 31 July ± 20 days.  For each 
observation, we calculated a z-value ([observation date – mean fledge date]/SD), which was used 
to estimate the proportion of juveniles that fledged in August from either the historic sample or 
at-sea surveys.  The new HY value was used to derive date-corrected estimates of contemporary 
and historic R-values.  Similar corrections applied by Beissinger & Peery (2007) in central 
California were found to result in only small biases in R estimates when incorporating annual 
variation in timing of breeding in simulation analyses (Peery et al. 2007).  Thus, we considered 
that this correction provided the best estimate of R for both historic and contemporary 
reproductive success because it accounted for the approximate proportion of individuals fledged 
at the time of collection or observation. 

Because the number of observations of individual birds used to estimate contemporary R 
was considerably larger than that available for the historic estimate (n = 1522 and n = 174, 
respectively), we used a bootstrapping technique where 10,000 random sub-samples of date-
corrected HY/AHY ratios were drawn with replacement from the contemporary data set.  We 
then examined where the historic R estimate fell within this distribution of contemporary R-
values, with the P-value indicating the proportion of contemporary R estimates that were greater 
than the historic R estimate. 

 
Feather sample collection and isotope analysis.  Stable isotopes in breast feathers of 65 hatch-
year murrelets were measured from specimens collected in the Georgia Basin from 1854-2008 
from 10 museum collections (see Acknowledgements for a complete list of museums from which 
feather samples and age-ratios were obtained) and from feathers collected during at-sea captures 
conducted in Desolation Sound in 2008.  

Isotope analysis was conducted at the Queen’s Facility for Isotope Research, Kingston, 
ON.  Before analysis feathers were washed in 2:1 chloroform:methanol solution for 24 h, rinsed 
in fresh chloroform:methanol solution, and left to air-dry for 48 hours.  Between 0.20 - 0.40 mg 
of each feather sample were loaded into a tin capsule, dried at at 80oC for 1 hour, then combusted 
and oxidized in a TC Elemental Analyzer and introduced online into a Finnigan MAT Delta Plus 
XL Isotope Ratio Mass Spectrometer.  Two in-house standards were run to quantify 
measurement error, EIL 61 KNO3 and an organic standard, domestic chicken (Gallus gallus) 
blood and duplicate samples were run from the same feather sample to produce a mean (± SD) 
difference, which was 3‰.  Nitrogen isotope ratios are expressed relative to air, as δ units (‰) 
where δ15N = [(15N/14N sample/15N/14N air) – 1] x 1000. 

 
Nestling diet statistical analysis and interpretation.  To avoid pseudoreplication, we pooled 
all δ15N values obtained from the same location in the same year to generate a mean value for 
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each site-year combination (n = 28 total combinations).  We used simple linear regression to test 
for a temporal trend in δ15N.    

To relate changes in feather isotopes to changes in nestling diet quality, we reviewed 
δ15N and energy content (kJ fish-1) values of potential prey species from both published and 
unpublished sources.  Potential prey items likely present currently or historically in the Georgia 
Basin included salmon spp. (Salmonidae), Pacific herring (Clupea pallasi), Smelt spp. 
(Osmeridae), Northern anchovy (Engraulis mordax), Pacific sardine (Sardinops sagax), rockfish 
spp. (Scorpaenidae) and Pacific sand lance (Ammodytes hexapterus).  Isotope values were from 
prey samples smaller than the estimated upper size limit delivered to murrelet nestlings (~120 
mm; Burkett 1995) collected during the nesting period (June-August; Nelson & Hamer 1995), 
and are from California (Becker et al. 2007), Oregon (Miller 2006) and British Columbia (M.H.J, 
P.A., T.K.K, D.R.N unpub data).  To determine whether a change in δ15N values in feathers 
indicated a change in nestling prey composition, we calculated the differences in δ15N values of 
potential prey items relative to sand lance.  Differences in δ15N values were calculated for fish 
from within the same study to avoid sampling variation potentially related to geographic location 
and sample preparation.  We also considered the energetic value of each potential prey species 
from published sources for average-sized fish delivered to nestlings.  We report both energy 
content and the number of sand lance deliveries required to equal a single delivery of each prey 
species (Table 1).          

 
RESULTS 

Reproductive success 
Bootstrapped estimates of contemporary (1994-2001) murrelet reproductive success, R, ranged 
from 0.13 to 0.37.  The contemporary estimate obtained by pooling all data from 1994-2001 was 
0.21 ± 0.03, falling at about the center of the bootstrapped distribution (Fig. 1).  In comparison, 
the historic value of R estimated from data collected during the period 1860-1950 was 0.35 ± 
0.01, which was greater than 99.99% of the bootstrapped contemporary estimates (P = 0.0011; 
Fig. 1).   
 

Nestling diet 
We found a strong negative trend in δ15N values in nestling feathers over time, indicating a drop 
in δ15N by 1.8‰ over 154 years (R2 = 0.39, P < 0.001, n =28, b = -0.012, SE = 0.003, Fig. 2).  
Based on previously published and unpublished values, the total range of δ15N values between 
the highest and lowest trophic level prey species was 2.1‰ (Table 1).  Pacific sand lance had the 
lowest δ15N value of the potential prey species considered, and Salmon spp. had the highest.  
Sand lance also had the lowest energy content per individual fish (kJ fish-1), and Smelt spp. and 
Pacific herring had the highest (Table 1).      
 
DISCUSSION 
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Our comparisons of age-ratios from museum specimens and at-sea surveys suggest that the 
reproductive success of Marbled murrelets in the Georgia Basin has declined by nearly 50% over 
the past 150 years.  These results corroborate several recent studies suggesting that contemporary 
rates of reproduction in murrelets have declined throughout their range over the last century.  In 
Alaska, Anderson & Beissinger (1995) found average age-ratios of 0.016 during surveys 
conducted in 1993, and Kuletz (2005) reported similar values (average = 0.043) for the period 
1995-1999.  In Desolation Sound, British Columbia, Lougheed et al. (2002) report average age-
ratios of 0.13 from 1996-1998.  Most recently, Beissinger and Peery (2007) used museum 
collections and contemporary surveys to infer a decline in murrelet reproductive success of 
nearly an order of magnitude in California between 1892-2003 (0.30-0.032).   

Marbled murrelets are a relatively long-lived species that may defer breeding until 
several years of age, and that produce a maximum of only one young per year (Piatt et al. 2007).  
Thus, low reproductive success estimates are not entirely surprising.  However, the available 
evidence now suggests that reproductive success estimates based on recent data are substantially 
lower than those estimated from historic data in British Columbia, California and Alaska.  Taken 
together, these results imply that murrelet populations are less able to experience positive growth 
rates currently than during the first half of the last century.  Although other demographic rates 
may also have changed through time, much evidence now suggests that murrelet population 
declines have been in part facilitated by a reduction in reproductive success over time.  
Moreover, our results suggest that identifying strategies to enhance murrelet reproductive 
success may offer one of the best options for increasing contemporary rates of population growth 
in this species. 

Our results also provide evidence that the diet of nestling murrelets has changed over the 
past 150 years.  Stable-nitrogen isotopes from HY breast feathers declined by 1.8‰ from 1854-
2008 (Fig. 2).  In marine food webs, δ15N increases between trophic levels (Hobson et al. 1994).  
Thus, the negative trend in δ15N suggested in our result indicates a decline in nestling trophic 
feeding level.  The magnitude of this estimated decline (1.8‰) corresponds to nearly the full 
range of δ15N values estimated across potential prey species, where the difference between the 
lowest and the highest δ15N value was 2.1‰ (Table 1).  Contemporary diet studies consistently 
report Pacific sand lance as comprising a large proportion of nestling diet, and also list Northern 
anchovy and Pacific herring as important prey (Burkett 1995, Kuletz 2005, Janssen et al. in 
prep).  Our current results suggest that, in the Georgia Basin, the proportion of lower trophic 
level species, such as sand lance, have likely increased in nestling diet over the past 150 years, 
whereas higher trophic level species, such as Pacific herring and Northern anchovy, or species 
now rare or missing from the ecosystem (including Pacific Sardine, and the Smelt sp. Eulachon 
Thaleichthys pacificus), probably comprised a greater proportion of the diet historically.    

 A diet shift towards lower trophic level prey could have important energetic 
consequences for nestlings.  For example, Pacific sand lance had the lowest energetic value of all 
potential prey species we considered, whereas energy content generally increased in species at 
higher trophic levels (Table 1).  In contrast, the two most common nestling prey species other 
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than sand lance, Pacific herring and Northern anchovy, had approximately 6 and 13 times more 
energy per fish, respectively (Table 1).  Because nestlings receive an average of only three 
single-fish feedings per day (Nelson & Hamer 1995), and nests are often 12-100 km from 
foraging locations (Hull et al. 2001), it seems unlikely that parents can compensate for reductions 
in the availability of high quality prey by increasing foraging effort at lower trophic levels 
(Stearns 1992, Kuletz 2005).  Thus, nestlings fed primarily sand lance during the last few 
decades probably experienced much lower energy-provisioning rates than nestlings fed higher 
trophic level prey historically.   

Nestling diet quality also influenced nest-growth in juvenile murrelets in Desolation 
Sound, BC (Janssen et al. in prep), as expected based on studies of other alcids showing that 
nestling energy-provisioning rate was positively related to chick growth and reproductive 
success (eg. Bertram et al. 2001, Litzow et al. 2002, Wanless et al. 2005).  These results also 
support our general hypothesis that a shift away from energetically superior, high trophic level 
prey species has negatively influenced the reproductive success and population growth of 
Marbled murrelets in the Georgia Basin.  

Our results suggest that concurrent declines in nestling diet quality and reproductive 
success have occurred in the Georgia Basin over the past 150 years.  These declines may be due 
to changes in the distribution and abundance of high quality prey species (e.g., Becker & 
Beissinger 2006, Becker et al. 2007) or changes in the timing of peak availability of these species 
(e.g., Suryan et al. 2006).  Fisheries data provide clear evidence of changes in distribution, 
abundance, and peak timing in a number of higher δ15N, energetically superior fish species, 
particularly Pacific herring, Pacific sardine, Eulachon, and a number of Salmon spp. in the 
Georgia Basin over the past 100 years (Beamish et al. 2004, DFO 2006, Therriault et al. in 
press).  Although the effects of commercial fisheries, climate and the indirect effects of humans 
on murrelet prey in British Columbia remain largely unstudied, we suggest that future research in 
this area is essential for developing reliable recovery plans that address both marine and 
terrestrial impacts to murrelet populations.            

Our use of age-ratios as indicators of reproductive success and nitrogen isotopes as 
indicators of diet also rely on several key assumptions addressed in detail elsewhere.  In 
California, evidence has been provided to support the assumptions that collection of museum 
specimens was opportunistic (Beissinger & Peery 2007), that biases arising from mistakes in 
aging are negligible (Peery et al. 2007), and that there is no age-related distribution bias of 
murrelets at sea (Peery et al. 2007).  Lougheed et al. (2002) suggested that age-ratios in 
Desolation Sound may be biased low because of differences in the timing and rates of emigration 
of HY and AHY birds throughout the breeding season.  Interestingly, their age-ratios corrected 
for emigration for the period 1996-1998 (0.13) were much lower than our uncorrected estimate 
for 1994-2001 (0.21), and correspond to the lower tail of the contemporary R distribution (Fig. 
1), leading us to believe that our R-value may be a conservative estimate of contemporary 
productivity.  It has also been suggested that variation in δ15N may be due to factors unrelated to 
diet, such as prevalence of nitrates, horizontal advection and El Niño events, which could cause 
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shifts in isotope signatures at the prey base.  Although we were unable to test this directly, 
previous studies have found little change in zooplankton δ15N in central California over a 50-
year period (Rau et al. 2003), and no evidence of correlation between adult murrelet δ15N in the 
Georgia Basin and large-scale ocean climate variables over the past century (Norris et al. 2007).  
Thus, we are confident that δ15N trends presented in this study are likely to represent actual shifts 
in murrelet nestling diet composition.  

To date, murrelet conservation efforts have been focused strongly on protecting terrestrial 
nesting habitat, which is very likely a significant threat faced by Marbled murrelet populations, 
particularly in the Georgia Basin (Piatt et al. 2007).  However, murrelets spend most of their 
lives foraging in near-shore waters where the distribution and abundance of energetically 
superior, high trophic level prey species has changed over the past 100 years.  Declines in adult 
and nestling trophic feeding level over the past century have also now been documented in the 
Georgia Basin over this same time period (Norris et al. 2007, this study).  δ15N in the pre-
breeding diet of adult murrelets decreased by 2.0‰ between 1889-1996 (Norris et al. 2007), and 
also decreased in nestling diets by 1.8‰ between 1854-2008 (this study).  In California, δ15N in 
adult pre-breeding diets decreased by 1.4‰ between 1895-2002 (Becker & Beissinger 2006).  
Overall, these declines represent decreases in trophic feeding level in both adult and nestling 
murrelets that may influence reproductive success via their influence on egg production (Becker 
& Beissinger 2006, Janssen et al. in press) and fledging success (Becker et al. 2007, Janssen et 
al. in prep).  However, due to the secretive nesting behaviour of murrelets, it has been difficult to 
document reproductive success in relation to diet quality.  As we and others (Becker & 
Beissinger 2006, Norris et al. 2007, Beissinger & Peery 2007) have shown, museum specimens 
can provide valuable information on long-term changes in reproductive success and diet that can 
fill gaps in knowledge based solely on contemporary fieldwork and observations.  New insights 
based on this work provides growing evidence that the successful recovery of Marbled murrelets 
will require the conservation of high quality foraging areas as well as nesting habitat.  
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Table 1. Stable-nitrogen isotope (δ15N) and energetic (kJ fish-1) values for average-sized 
potential prey items of Marbled murrelet nestlings.  δ15N values are reported relative to δ15N 
values of Pacific sand lance. Differences were calculated between samples from the same study, 
and were then used to generate the mean difference across studies.  “Sand lance delivery 
equivalent” is the number of single sand lance deliveries to the nest required to equal a single 
delivery of a given prey species.  Superscripts and subscripts indicate the source of δ15N and 
energetic values, respectively.  

 

mean difference in energy content sand lance
Prey Species 15N from sand lance per fish (kJ fish-1)  delivery equivalent

Salmon spp.a
d 2.1 48 4.8

Smelt spp.ad 1.7 145 14.5

Pacific herring ad 1.7 131 13.1

Northern anchovy a,b,c
e 1.2 58 5.8

Pacific sardine a,c
c 1.1 41 4.1

Rockfish spp. bc  0.5 12 1.2

Pacific sand lance a,b,c
e 0 10 1.0

a Miller (2006); Crescent City, California to Newport, Oregon

b M.H.J., P.A., T.K.K., D.R.N. ( unpub data); Desolation Sound, British Columbia

c Becker et al. (2007); Ano Nuevo Bay, Monterey Bay, and Farralones, California

dRoby et al. (2003); Columbia River estuary, Oregon

eJanssen et al. (in prep); Desolation Sound, British Columbia
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FIGURE LEGENDS 
 
Fig. 1. Brachyramphus marmoratus.  Distribution of contemporary (1994-2001) Marbled 
murrelet reproductive success (R) estimates generated from random sub-sampling of at-sea 
survey observations in Desolation Sound, British Columbia (repeated 10,000 times; sub-sample 
n = 174).  The historic (1860-1950) R estimate generated from museum collections (R = 0.35 ± 
0.01) was significantly higher than the contemporary distribution (P = 0.0011, n = 174).     
 
Fig. 2.  Brachyramphus marmoratus.  Trends in stable-nitrogen isotope (δ15N) values in hatch-
year Marbled murrelet breast feathers from the Georgia Basin collected between 1854-2008.  
There was a significant linear decline in δ15N values over the past 154 years (R2 = 0.39, P < 
0.001, b = -0.012, SE = 0.003, n = 28).  
 
 
 
 
 
 
 
 
 
 
Fig. 1. 
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Fig. 2. 
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Abstract.  
When resources are limited, the relative timing and rate of development of different body 
components should reflect different functional priorities between stages of development. 
Identifying such growth priorities throughout development is important for understanding the 
consequences of variation in resource quality on recruitment, particularly for declining 
populations.  However, estimating allocation over multiple periods of development is especially 
challenging for species in which it is difficult to directly monitor growth or to recapture 
individuals over the season.  From a single capture at-sea, we analyzed stable-carbon isotopes in 
feathers and blood of juvenile marbled murrelets (Brachyramphus marmoratus) to infer diet 
composition during both the pre- and post-fledging period.  To successfully survive their first 
year, juvenile murrelets must fly up to 100km to the sea on their maiden flight and then 
successfully survive a period of unpredictable resources during the winter.  Consistent with this, 
we found that diet quality received during the nestling period influenced structural growth, 
whereas diet quality at-sea immediately after independence influenced energy stores.  Our results 
provide evidence that murrelets strategically allocate resources according to their stage of 
development during their first year of life and that the availability of high quality prey is likely 
important for the development and survival of juveniles.  Stable isotopes provide a unique 
opportunity to non-invasively examine the effects of resource quality on growth at different 
stages of development in this cryptic species that would otherwise be difficult to study.  
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INTRODUCTION  
The relative growth of different body components in developing organisms depends upon the 
allocation of limited resources between them (Sibly & Calow 1987).  Young organisms often 
face potential trade-offs between investing in growth to rapidly reduce predation risk versus 
investing in energy stores to buffer against possible food shortages.  The “adaptive-growth” 
hypothesis predicts that within a developmental stage, selection should favor allocation of 
limited nutritional resources to growth of body components of the highest immediate functional 
priority, such that fitness is maximized (O’Connor 1977).  However, functional priorities are 
likely to shift over an organism’s lifetime in relation to factors such as seasonal variation in 
temperature, predation pressure, prey availability, the developmental state of other body 
components, and parental investment (e.g., Sogard & Spencer 2004).  The “adaptive-growth” 
hypothesis can therefore be expanded and considered as a potential explanation for differential 
growth of separate body components across stages of development.  This hypothesis would 
predict that body components most necessary for immediate survival will grow first, followed by 
the growth of body components necessary for survival during later stages of development.   
Identifying such trade-offs is important to understanding how variation in resource quality and 
abundance influences fitness and recruitment, particularly for declining populations.  However, 
documenting such strategic investments in the wild is challenging because of the difficulty of 
quantifying diet and growth of individuals throughout different life stages.   

We used stable isotopes in feathers and blood to examine how diet quality influenced 
growth at different stages of development in a cryptic and threatened seabird, the Marbled 
murrelet (Brachyramphus marmoratus, Alcidae; hereafter ‘murrelets’).  Murrelets are small (~ 
220 g) seabirds that spend the majority of their life at sea, but nest solitarily on the mossy limbs 
of large coniferous trees, typically within 50 km of the ocean (Nelson 1997).  Adults only carry 
one fish to the nest per feeding trip, limiting a nestling to an average of three small forage fish 
per day (Nelson 1997).  Nestlings in British Columbia are fed a variety of forage fish including 
Pacific herring Clupea harengus pallasi, northern anchovy Engraulis mordax, and Pacific sand 
lance Ammodytes hexapterus (Burkett 1995; Kuletz 2005; Piatt et al. 2007).  Larger fish, such as 
herring and anchovy, have substantially higher energy content than the smaller fish, such as sand 
lance (Becker et al. 2007; Kuletz 2005).  It is unlikely that adult murrelets are able to maintain 
high energy provisioning rates with low quality fish by increasing delivery rate, because 
provisioning young requires significant energy investments from parents (Hull et al. 2001), and 
there are likely limits to the total amount of energy parents are willing to allocate annually to 
reproduction in this long-lived species (eg. Erikstad et al. 1998; Goodman 1974; Harding et al. 
2008).  Energy provisioning rate is positively associated with juvenile growth rate in several 
species of  alcids (eg. Bertram et al. 2002; Litzow et al. 2002; Romano et al. 2006), and much 
evidence now suggests that murrelet reproduction is limited by diet quality (Peery et al. 2004; 
Becker et al. 2007; Norris et al. 2007; Janssen et al. 2009; Gutowsky et al. in review).  Thus, we 
hypothesized that juvenile growth and condition would be positively affected by diet quality. 

 15



More specifically, we expected that nestling and fledgling diet quality would affect 
growth of separate body components due to differential allocation of resources at each 
developmental stage, in order to meet the physical requirements for survival during the first year 
of life.  Because murrelet fledglings must fly up to 100 km on their maiden flight to the sea and 
have high wing loading relative to other seabirds (Gaston & Jones 1998), structural development 
is likely critical for reaching independence.  Rapid structural development is probably 
advantageous given that murrelet chicks are highly vulnerable to nest predation (Nelson and 
Hamer 1995, Peery et al. 2004), and conditions for growth are should be more favorable at-sea, 
relative to the nest (Ydenberg 1989).   Thus, growth of structural elements should be of higher 
priority than energy storage while in the nest.  Previous work suggests that murrelets typically 
fledge with wings 86% of adult wing length and tarsus nearly fully developed(Nelson 1997), 
suggesting that the majority of structural growth occurs in the nest.  We therefore predicted that 
nestling diet quality would positively affect tarsus length and wing length.  After successfully 
reaching the sea, we would expect the functional priorities to shift from structural growth to 
energy storage.  Winter conditions can strongly influence survival of juvenile seabirds (Harris et 
al. 2006) and murrelets fledge just after peak prey availability in late summer (Kuletz 2005).  
Thus, the attainment of suitable energy stores prior to winter may serve as a buffer against 
potential periods of unpredictable resource availability and harsh winter conditions.  We 
therefore predicted that independent hatch-year (HY) murrelets feeding on larger fish would be 
in better body condition (mass given body size) during their first month of independence.  
Similarly, if condition improves while juveniles are independently foraging at sea, then we 
predicted that body condition would be positively related to time of season.  We predicted no 
relationship between structural size and date of capture among juvenile murrelets captured at sea 
because the majority of tarsus and wing growth was expected to be finished prior to nest 
departure.    

To evaluate the level of support for our hypotheses, we constructed a structural equation 
model according to the above predictions, and modeled diet quality by comparing stable isotope 
signatures of potential prey species and tissues of HY marbled murrelets captured at-sea.  Stable-
carbon (δ13C) signatures are useful as dietary tracers for seabirds because prey often have distinct 
δ13C values and these values are incorporated into tissues of consumers (Hobson et al. 1994).  
Brown-tipped breast feathers of HY murrelets are grown in the nest (Nelson 1997) and, because 
they are metabolically inert after growth, provide an estimate of diet during the nestling period.  
In contrast, isotope signatures from red-blood cells provide an estimate of diet composition over 
the 1-4 weeks prior to capture (Bearhop et al. 2002; Evans Ogden et al. 2004; Hobson & Bairlein 
2003).  Thus, from a single HY individual captured on the water, we obtained an estimate of diet 
quality in the nest (δ13C values in feathers) and diet quality while at-sea during the post-fledging 
period (δ13C values in red-blood cells). 
 
METHODS 
Field collection 
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Murrelet and prey samples were collected in Desolation Sound (DS), British Columbia (50˚05’N 
124˚40’W) between 2 July - 28 Aug. 2008.  We captured 31 hatch-year (HY) and 46 after-hatch-
year (AHY) murrelets at night using a dip-net and spotlight following methods of Whitworth et 
al. (1997) and Vanderkist et al. (1999).  From each bird, we collected a small blood sample (0.1-
0.5 mL) and two brown-tipped breast feathers.  Blood samples were taken from the brachial vein 
and stored on ice for 4-8 hrs until they were centrifuged at 12000 rpm for 10 min.  Immediately 
after separation from plasma, red-blood cells were stored at -20˚C until further analysis.  Mass 
was measured using a spring scale (± 3g) and un-flattened wing chord, tarsus length, and bill 
length were measured using dial calipers (± 1mm).  Bill length was measured as the distance 
(mm) from the distal end of the nares to the tip of the bill.  To measure volume, murrelets were 
wrapped in a tensor bandage and submerged in seawater to one finger width below the base of 
the skull, and the volume of displaced water was measured.  Volume measurements were 
repeated 5 times per individual and we took the mean of the closest 4 measurements as our index 
of volume.  Repeatability of volume measurements was assessed using the intra-class correlation 
coefficient following Lesells and Boag (1987), and were highly repeatable (r = 0.93, F28,87 = 
55.6, p < 0.0001), among the 4 closest measurements.  We used mass controlling for body size as 
an estimate of body condition. Tarsus and wing length were not correlated (rs = 0.14, n = 30, p = 
0.5), and mass was highly correlated with wing length (rs = 0.45, n = 30, p = 0.01) but not with 
tarsus (rs = 0.02, n = 30, p = 0.9), suggesting that tarsus was a poor indicator of body size.  We 
therefore used wing length as the estimate of body size. 
Prey samples 
Potential murrelet prey items were collected using a beach seine (multiple fish spp.), dip-net 
(sand lance), plankton tow (invertebrate spp.), herring jig (northern anchovy), or directly from 
the bill of captured murrelets (northern anchovy).  Details of the beach seining, plankton tow 
equipment, and methods are described elsewhere (Janssen et al. 2009).  Prey captured included 
Pacific sand lance, northern anchovy, juvenile rockfish Sebastes spp., shiner surfperch 
Cymatogaster aggregate, krill Euphausia pacifica, and amphipod spp.   
Stable isotope analysis 
To estimate nestling diet, we analyzed brown-tipped breast feathers from HY murrelets captured 
at-sea.  Because fully-grown feathers are metabolically inert, isotopic signatures in feathers 
provide an estimate of diet composition during the period of feather growth (Hobson & Clark 
1992).  Brown tipped breast feathers of HY murrelets are grown in the nest (Carter & Stein 
1995).  Stable-carbon isotopes values of feathers (δ13Cfeather), therefore, provide an estimate of 
diet composition prior to fledging.  To estimate at-sea diet, we analyzed stable-carbon isotope 
values in red-blood cells (δ13Cblood) from the same fledglings that were captured at-sea.  δ13C 
values from avian blood of fully-grown individuals typically provides a measure of diet over the 
preceding 10-30 d (Bearhop et al. 2002; Evans Ogden et al. 2004; Hobson & Bairlein 2003).  
However, evidence from turtles and fish, suggest that growth significantly increases the rate of 
isotopic turnover (MacAvoy et al. 2001; Reich et al. 2008), and, therefore, decreases the window 
for which diet can be inferred.  Unfortunately, we are not aware of any study investigating 
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isotopic turnover rates in growing juvenile birds, but it is possible they are higher than those 
estimated for adult birds. 

Isotope analysis was conducted at the Queen’s University Facility for Isotope Research, 
Kingston, Ontario. Isotope ratios (R) are expressed in δ units where δ = [(Rsample/ Rstandard) – 1] x 
1000.  δ15N is the ratio of 15N/14N in the sample relative to air, and δ13C is the ratio of 13C/12C 
relative to Vieena Pee Dee Belemnite.  Prior to analysis, red-blood cells were freeze dried, and 
feathers were washed in 2:1 chloroform:methanol solution for 24 hrs, rinsed with fresh solution, 
and then air dried for 12 hrs.  Inorganic carbonate was removed from krill and amphipod samples 
by treatment with 10% hydrochloric acid (Soreide et al. 2006).  After 12 hrs, the acidic 
supernatant was removed and the sample was rinsed with deionized water until pH 6-7 to wash 
away acid and acid waste.  Dorsal-lateral muscle tissue was sub-sampled from all fish and these 
samples along with the invertebrate samples were freeze dried and ground to a fine powder.  
Lipids were extracted from all prey samples by three repeated 30 minute treatments with 2:1 
chloroform:methanol solution and then air dried.  Between 0.20 and 0.40 mg of each tissue 
sample was loaded into a tin capsule, combusted and oxidized in a TC Elemental Analyzer, and 
introduced online into a Finnigan MAT Delta Plus XL Isotope Ratio Mass Spectrometer.  During 
analysis, we ran four standards (mean ± SD).  For carbon, these were in-house standards UC-1 
Graphite (-25.7‰ ± 0.1, n = 9) and Q-C Graphite (-26.0 ‰ ± 0.1, n = 9).  For nitrogen, we used 
the in-house standard EIL-61 KNO3 (1.3‰ ± 0.2, n = 10).  For both elements, we also used an 
in-house organic standard: domestic chicken Gallus gallus blood (δ13C: -20.2‰ ± 0.1; δ15N: 
4.6‰ ± 0.1, n = 12) that was prepared in the same fashion as murrelet blood.  We also ran 
duplicate tissue samples from the same feather, blood, or prey sample (n = 33) which produced a 
mean (± SD) difference or repeatability of ± 0.2‰ (± 0.2) for δ15N, and ± 0.1‰ (± 0.1) for δ13C. 
Diet composition 
To identify the prey species contributing to nestling diets, we observed adults carrying fish 
following Kuletz (2005).  Adult murrelets typically swallow prey underwater when feeding 
themselves, but carry fish crosswise in their bills for up to several hours before flying inland at 
dusk to deliver fish to nestlings (Strachan et al. 1995).  We searched for adults holding fish 2 hrs 
before dusk from a 5.3 m rigid-hull inflatable boat using 10 X 40 binoculars.  From a total of 60 
observations of adults holding fish, we identified 18 sand lance, and 42 ‘silvery prey fish’ wider 
than sandlance and approximately 80-140 mm in length, later assumed to be northern anchovy 
(see Supplementary Materials).  The length of each fish was estimated relative to bill tip-to-eye 
length of the murrelet (Kuletz 2005).  No rockfish or shiner perch were observed despite being 
abundant in the area.  All concurrent captures of schooling fish by angling (n = 9 fish), and the 
identity of one fish captured in the bill of an adult murrelet, supported our assumption that most 
or all prey not identified as sand lance were northern anchovy.  We consider the potential 
consequences of this assumption in the supplementary materials. Taken together, these data 
suggest that sand lance and northern anchovy were the most common prey items fed to nestling 
murrelets in Desolation Sound during this study.   
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 To estimate important prey items of fledglings at-sea, we visually compared stable-
carbon isotope signatures from a suite of potential prey items to adjusted isotope signatures from 
red-blood cells (Fig. 1).  Red-blood cell isotope signatures were adjusted by a fractionation rate 
of -0.7‰ for δ13C and 2.7‰ for δ15N according to results from a study of a captive fed nestling 
alcid with a similar diet (rhinocerous auklet; Sears et al. 2008).   

We did not use δ15N signatures to compare diet composition between individual 
murrelets because δ15N signatures from Pacific sand lance and northern anchovy were similar 
(Wilcoxon rank-sum test, p = 0.99), and growth and nutritional status can influence δ15N diet-
tissue fractionation among growing alcids (Williams et al. 2007, Sears et al. 2008).  Growth does 
not influence δ13C values in blood and feathers of nestling rhinocerous auklets (Sears et al. 
2008), and when considering fish captured from the same location, northern anchovy had more 
negative δ13C values (Wilcoxon rank-sum test, p < 0.001) than pacific sand lance.  More 
negative δ13C values in murrelet tissues would therefore suggest a relatively high proportion of 
northern anchovy as compared to sand lance in juvenile diet.    
Estimating diet quality 
Predicted mass of nestling prey was estimated with simple linear regression of log-transformed 
data from fish captured during the study, such that W = aLb, where W is mass, L is length, and a 
and b are estimated parameters (Ricker 1975); sand lance: a = 1.11 x 10-6, b = 3.24, R2 = 0.95, p 
< 0.0001, n = 42; northern anchovy: a = 3.12 x 10-7, b = 3.71, R2 = 0.84, p < 0.001, n =10).  We 
estimated energy content per fish by multiplying predicted mass by energy density values from 
the literature (Table 1).   
Structural equation model 
We used a structural equation model (SEM) to partition correlations among capture date, diet 
composition and measures of body size and condition.  SEM uses partial regression and 
correlation coefficients to calculate direct and indirect relationships between multiple dependant 
and independent variables (Grace 2006).  The total effect of one variable on another is then 
calculated by summing all direct and indirect effects.  The structure of our model was designed 
based on previous knowledge of relationships between diet composition and growth among 
seabirds (see Supplementary Methods; Fig. S1).  Bill and volume measurements were not 
included in the model in order to reduce model complexity due to the constraint of relatively 
small sample size.  Unmeasured variance was modeled through the inclusion of latent variables, 
μ.  Data matched assumptions of multivariate normality and overall model fit was assessed using 
root mean square error of approximation (Steiger 1990).  Models with RMSEA of 0.08 or less 
were considered reasonable fits to the data (Browne & Cudeck 1993).  Including body size as a 
predictor in multivariate models predicting mass is commonly used to statistically estimate body 
condition or energy stores (Moya-Larano et al. 2008), and because the SEM model calculates the 
effects of diet on mass, while controlling for body size, we interpret it as estimating the effect of 
diet on body condition.  SEM analysis was performed using AMOS ver 5.0.1 (Arbuckle 2003). 
Additional statistical analyses 
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To test for additional evidence of at-sea growth, we also examined the relationship between body 
measurements (wing, tarsus, bill, mass, volume) and date of capture.  Murrelets breed 
asynchronously and there is no way of determining the amount of time passed between fledging 
and date of capture among HY birds captured at-sea without directly tracking individuals.  
However, if we assume that the probability of capturing an individual that has been on the water 
for a long period of time increases with capture date, then we would expect to see a positive 
relationship between capture date and size for body components grown at sea.  Conversely, if a 
body component is grown mostly in the nest, time since fledging, and therefore capture date, are 
expected to have no influence on size.  To assess the relationship between body condition and 
date of capture, we used wing and capture date as predictors in multiple regression predicting 
mass (Garcia - Berthou 2001). All statistical tests that were not part of the structural equation 
models were done using JMP ver. 5.1.2 (SAS 2004) and we considered p < 0.05 to be 
statistically significant. 
 
RESULTS 
Fish holding observations and comparison of murrelet and prey stable isotope signatures (Fig.1) 
suggest that pacific sand lance and northern anchovy were the most important prey species for 
juvenile marbled murrelets during both the nestling and post-fledging stages of development.  
Northern anchovy were estimated to contain 5-6 times more energy per fish than sandlance 
(Table 1), and more negative δ13C values in murrelet feathers and blood therefore suggest higher 
quality nest diet or at-sea diet, respectively. 

The hypothesized structural equation model (Fig. S1 in Supplementary Materials) 
provided a poor fit to the data (RMSEA = 0.14), and was modified slightly by removing two 
non-significant paths (see Supplementary Methods), resulting in the modified structural equation 
model (Fig. 2) that was a good fit to the data (χ2 = 8.3, d.f. = 7, p = 0.31, RMSEA = 0.08; Fig. 2).  
As predicted, nestling diet quality (δ13Cfeather) positively influenced tarsus length.  However, we 
found no relationship between δ13Cfeather and wing length.  We also found that δ13Cblood strongly 
influenced mass while controlling for the effect of body size (wing), suggesting that higher 
quality at-sea diet positively affected body condition.  Capture date influenced δ13Cblood, but had 
little direct effect on mass (Table 2).   

Capture date was  not related to either tarsus length (R2 = 0.09, n = 31, p = 0.11; Fig 3a) 
or wing length (R2 = 0.02, n = 31, p = 0.44; Fig 3b), but was positively related to bill length (R2 = 
0.18, n = 31, p = 0.02; Fig 3c), body mass (R2 = 0.14, n = 31, p = 0.04; Fig 3d), and volume (R2 
=0.37, n = 29, p < 0.001;Fig 3e).  Capture date was also positively related to body condition 
(mass while controlling for body size [wing];  t= 4.0, n = 30, p < 0.001;Fig 3f).  
 
DISCUSSION 
Our results are consistent with the hypothesis that murrelets allocate nutritional resources to the 
growth of body components that are linked to fledging success and post-fledging survival.  
Juveniles that fed on high quality prey as nestlings had longer tarsi and juveniles with higher at-
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sea diet quality were in better condition.  For murrelets, the cost to adults of provisioning 
nestlings is high (Hull et al. 2001), and growth is expected to be faster at-sea (Ydenberg 1989).  
Additionally, given that incidence of nest predation is high (Nelson & Hamer 1995; Peery et al. 
2004), a reduced nestling period might be advantageous to murrelets (eg. Martin 1995).  
However, because a failed first flight to the sea at fledging is fatal, selection favoring a reduced 
nestling period is likely constrained by the requirement that the chick is physically capable of the 
long initial flight to the sea (eg. Carrier & Auriemma 1992).  Preferential allocation of nutritional 
resources to structural growth and lean mass while in the nest, may therefore be an adaptive 
strategy to reduce the length of the nestling period while maintaining a high probability of 
successful fledging.  If true, we might also expect allocation of resources to growth of body 
components necessary for post-fledging survival, such as energy stores, to be delayed until after 
nest departure.  Indeed, our results indicated that at-sea diet quality positively influenced body 
condition in juveniles after they left the nest (Fig. 2).  Positive relationships between capture date 
and body mass, volume, and condition also suggest that juvenile murrelets on average increased 
energy stores soon after fledging (Fig. 3d,e,f).     

Although nestling diet quality influenced tarsus positively, there was no effect of diet on 
wing length.  This is somewhat surprising given that wing and tarsus were not related to capture 
date (Fig 3a,b), suggesting that both body components were primarily grown in the nest.  A lack 
of dietary influence on wing growth might be expected if nestlings preferentially allocated 
resources to wing growth when nutritional resources were limited, which has been observed in 
captive feeding studies of several species of seabirds (eg. Benowitz-Fredericks et al. 2006; 
Kitaysky 1999; Oyan & Anker-Nilssen 1996).  Consistent with our findings, these studies have 
shown relatively little effect of nestling nutritional restriction on wing growth, compared to the 
stronger effects on growth of body components of lower functional priority, such as tarsus.  
Thus, our findings indicate that wing development was of higher priority to nestling murrelets 
than tarsus growth.  

Interestingly, unlike other studies which suggest that nestling bill growth is prioritized 
among some species of song birds and seabirds (O'Connor 1977; Oyan & Anker-Nilssen 1996), 
mean murrelet bill length increased by 12% during the capture period, suggesting that bill length 
increases after nest departure (Fig 3c)  .  Bill morphology is important for capturing prey (Gaston 
& Jones 1998), but is probably not as crucial to single nestlings provisioned by parents.  Bill 
growth may therefore be of lower functional priority to murrelets than well developed wing or 
tarsus in the nest, but increase in priority thereafter.  

Developmental patterns of growing birds can vary in response to environmental 
conditions (Schew & Ricklefs 1998).  The ‘adaptive-growth’ hypothesis predicts that when 
resources are limited individuals will preferentially allocate nutritional resources to the growth of 
body components of the highest functional priority (O’Connor 1977).  Support for this 
hypothesis comes from observations of seabird nestlings preferentially allocating nutritional 
resources to wing and brain growth under nutritional restriction (Oyan & Anker-Nilsson 1996; 
Dahdul & Horn 2003; Takenaka et al. 2005; Benowitz-Fredericks et al. 2006).  However, the 
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functional priority of different body components is expected to shift as organisms grow, as 
development of other body components is completed, and as the physical environment, or level 
of parental care, prey availability and predation risk change.  The relative timing and rate of 
development of different body components may therefore reflect different functional priorities at 
different stages of development (Sibly & Calow 1987; O’Connor 1984).  Our results suggest that 
nestling murrelets allocate resources to maximize growth rate of body components necessary for 
successful fledging and minimize nestling period, while allocation to body components 
necessary for post-fledging survival, is delayed until after nest-departure.     

Patterns of allocation throughout development prior to maturity are difficult to study 
among wild and highly mobile organisms such as seabirds, although allocation in juvenile fish is 
well documented (e.g. Biro et al. 2005, Sogard & Spencer 2004).  Stable isotopes provide a 
unique opportunity to estimate allocation throughout development among wild organisms for 
which recaptures are difficult because isotopes from the diet are incorporated into the tissues of 
the consumer during tissue formation.  The influence of diet on growth of several different tissue 
types or body components at different stages of development can therefore be estimated from a 
single capture event.   
  Although we did not measure juvenile survival, our data suggest that diet quality 
influences structural growth and body condition and, may therefore be positively associated with 
breeding success.  In other seabirds, nestling diet quality and growth rate is positively associated 
with survival to fledging (eg. Davis et al. 2005; Romano et al. 2006; Suryan et al. 2002). In 
addition, demographic studies suggest that juvenile survival is positively associated with post-
fledging prey availability (Harris et al. 2007; Lee et al. 2008) and body condition at fledging 
among seabirds without post-fledging parental care (Sagar & Horning 1998; Weimerskirch et al. 
2000; but see Harris & Rothery 1984).  We, therefore, suggest that nestling diet quality 
positively influences nest success and fledging success, while at-sea diet quality may be 
important for post-fledging survival.    

These results have important implications for conservation of the marbled murrelet as 
evidence suggests that murrelets have experienced significant recent declines in abundance in 
both Alaska (Piatt et al. 2007) and the Georgia Basin, British Columbia (Bower 2009).  
Murrelets were initially listed as threatened in Canada and endangered in the US largely due to 
concerns regarding decreased availability of nesting habitat, and the majority of conservation 
effort continues to focus on terrestrial habitat preservation (Piatt et al. 2007).  However, recent 
evidence suggests that diet quality of adults (Becker & Beissinger 2006; Becker et al. 2007; 
Beissinger & Peery 2007; Norris et al. 2007) and nestlings (Gutowsky et al. in review) is 
positively associated with reproductive success. More specifically, Norris et al. (2007) provided 
historical evidence that declines in adult pre-breeding trophic feeding level have resulted in 
reduced reproductive rates, which currently limit population growth rate in the Georgia Basin.  
From contemporary studies, there appears to be no consistent relationship between female pre-
breeding trophic feeding level and egg production (Janssen et al. 2009), but the results presented 
here suggest that diet quality may have important consequences for juveniles.  In addition, 
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Gutowsky et al. (in review) found that nestling diet quality and reproductive success have 
declined concurrently over the past 150 yrs in the Georgia Basin.  Taken together, these studies 
suggest that reduced reproductive success and declining abundance of murrelets in the Georgia 
Basin may be partially due to the negative impact of reduced diet quality on juvenile murrelets.  
Although preserving nesting habitat is critical, we suggest that it will also be crucial to preserve 
and restore marine habitat to maintain the availability of high quality prey and promote 
population growth rates.    
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Table 1. Estimated length, mass, energy content and δ13C (± SE) signatures of the two primary 
prey species consumed by nestling Marbled murrelets. 
 

 

Species Estimated Estimated Energy  Estimated Energy δ13C¶

Length (mm) Wet Mass (g) Density (kJ g-1) Content‡ (kJ fish-1)  (‰)

Pacific Sand Lance 77 ± 5 1.9 ± 0.4 5.1* 9.7 ± 2.1 -15.3 ± 0.1
Ammodytes hexapterus

Northern Anchovy 101 ± 3 10.3 ± 1.1 5.6† 57.7 ± 5.4 -15.9 ± 0.1
Engraulis mordax

* from Anthony et al . (2000)

† from Dahdul and Horn (2003)

‡ energy content was estimated by multiplying energy density by estimated wet mass. 
¶δ13C values are from fish captured in the same location, within the same week (this study)
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Table 2. Direct, indirect and total effects (calculated from standardized regression coefficients) 
of each variable on mass. 

Variable Direct Effect Indirect Effect Total Effect

δ13Cfeather 0.28 -0.12 0.16

δ13Cblood -0.50 - -0.50

capture date 0.15 0.31 0.46

wing 0.65 - 0.65
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Figure Legends 
Figure 1.  Mean (± SE) δ15N and δ13C values for potential prey items (closed circles) of murrelets 
(Brachyramphus marmoratus) captured in 2008 in Desolation Sound, BC. Mean (± SE) isotope 
vales from murrelet red-blood cells (open circles) have been adjusted for expected diet-tissue 
fractionation (δ15N: 2.7‰, δ13C: -0.7‰).   
 
Figure 2. Structural equation model derived from the a priori model in figure S1.  Goodness of 
fit statistics suggest a reasonable fit to the data: χ2= 8.3, d.f. = 7, p =0.3, RMSEA = 0.08.  Arrow 
widths are proportional to the standardized regression coefficients, which are displayed as path 
coefficients between the variables.  Latent variables (μ) indicate residual error and are the effects 
of unexplained causes.  Path coefficients significantly different from zero are denoted by 
asterisks: * = 0.01< p <0.05, ** = 0.001 < p < 0.01, *** = p < 0.001.  Significance tests were 
performed on unstandardized regression coefficients. 
 
Figure 3.  Relationships between capture date and (A) tarsus, (B) wing, (C) bill, (D) mass, (E) 
volume and (F) condition.  Simple linear regression lines are shown for A-E.  ‘Condition’ is 
mass controlling for body size, plotted as the residuals of mass on wing.  
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Figure 3.   
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Supplementary Materials 
Details of structural equation model construction and modification 
Construction of structural equation models must be based on a priori knowledge of the system in 
question (Grace 2006).  Murrelets typically fledge with wings 86% of adult wing length and 
mass 58-71% of adult mass (Nelson 1997), suggesting that the majority of wing growth occurs in 
the nest and a substantial proportion of mass gain does as well.  More negative δ13Cfeather 
indicates higher quality nest diet (this paper) and nestling seabirds with higher energy 
provisioning rates are typically larger and in better condition at fledging (Romano et al. 2006; 
Wanless et al. 2005).  We therefore predicted that individuals with more negative δ13Cfeather 
values, indicating higher quality nestling diet, would weigh more, and have larger tarsus and 
wing at time of capture.  Similarly, while controlling for capture date, we predicted that 
individuals with more negative δ13Cblood values, indicating higher quality at-sea diet, would be in 
better condition. Tarsus and wing were significant predictors of mass in adult murrelets captured 
in 2007 (Janssen et al. 2009), suggesting that they were adequate estimates of body size, and we 
predicted a similar relationship for juveniles. Body condition is often estimated by measuring 
body mass while controlling for body size (Moya-Lorano et al. 2008), and we therefore included 
paths from tarsus and wing to mass, in order to estimate body condition.  We also expected a 
correlation between δ13Cfeather (nest diet) and blood δ13Cblood (at-sea diet) because some 
individuals could have been caught within several days of leaving the nest, which would result in 
δ13C values from these tissues indicating diet over similar time periods.   
 The hypothesized SEM model (Fig. S1) provided a poor fit to the data (RMSEA = 0.14).  
The free covariance between the error terms of tarsus and wing (p = 0.62) and the path from 
tarsus to mass (p = 0.48) were not significantly different from zero.  A de-coupling of body 
parameters grown in the nest may be expected under preferential allocation of nestling resources 
to wing growth over tarsus growth (see discussion), which may also result in tarsus being a poor 
predictor of body size.  We therefore used only wing length as an estimate of body size and 
adjusted the model by removing the two non-significant paths (covariance between tarsus and 
wing, and tarsus > mass), resulting in the modified structural equation model (Fig. 2). 
 
Assumptions of stable isotope analysis 
Although we are confident that the data support the inferences made here, there are several issues 
limiting our strength of inference that require clarification.  First, we have compared only two 
species of fish to estimate the relationship between δ13C and energy content per fish.  Based on 
the estimated length of fish carried by adults and the expected availability of potential prey fishes 
in this location and time, it is conceivable that murrelet nestlings were also fed 0+ yr and 1+ yr 
Pacific herring, 1 yr and 2 yr surf smelt Hypomesus pretiosis pretiosis, or juvenile salmonids 
Oncorhynchus spp.  However, salmon smolts and surf smelt have not previously been 
documented as important nestling prey items (Burkett 1995, Kuletz 2005), and herring, surf 
smelt, and salmon smolts, are typically larger, and have higher energy content per fish than 
sandlance (Anthony et al. 2000), and more negative δ13C than sandlance in late summer (Miller 

 34



2006).  Thus, our suggestion that more negative δ13C indicates higher quality prey would likely 
not change if these additional species were included as potential nestling prey items.   

Second, there is some evidence that nutrient restriction might negatively influence δ13C 
values in blood of growing alcids (Williams et al. 2007), although other studies have shown no 
effect of either growth or nutrient restriction on δ13C fractionation (Sears et al. 2008).  A 
negative effect on δ13C from nutrient restriction is opposite to the results we report here (birds 
with more negative δ13C were larger and in better condition) and we, therefore, suggest that 
individual variation in diet-tissue discrimination is not responsible for the observed patterns. 
 
Figure legends: 
Figure S1. The a priori structural equation model developed from hypothesized relationships 
between variables.  One headed arrows represent causal relationships and double headed arrows 
indicate free correlations.  Unmeasured variables (µ) indicate residual error from unexplained 
causes.
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Section 4: Influence of the Spatial Distribution of Marine Foraging Areas on the Selection 
of Terrestrial Reserves for Marbled Murrelet Nesting Habitat in British Columbia 

 
Stephanie L. Hazlitt1*, Tara G. Martin1,2, Laura Sampson1, and Peter Arcese1 

 
1Centre for Applied Conservation Research, Department of Forest Sciences, University of British 
Columbia, 2424 Main Mall, Vancouver, British Columbia, Canada V6T 1Z4. 
2CSIRO Sustainable Ecosystems, 306 Carmody Road, St Lucia, Queensland 4067 Australia 
 
Introduction 
Marbled murrelets (Brachyramphus marmoratus) are small seabirds that live along the northern 
Pacific Coast of North America, spend approximately 90% of their time in marine waters, but 
come on shore during the spring and summer to nest primarily on the moss-covered branches of 
old-growth confiers. The Canadian population of marbled murrelets was assessed as Threatened 
in 1990 by the Committee on the Status of Endangered Wildlife in Canada (COSEWIC), based 
on estimated declines in murrelet nesting habitat in coastal old growth forest, resulting in their 
listing under the federal Species at Risk Act (threatened, schedule 1, 2003).  However, in addition 
to declines in terrestrial nesting habitat, many recent studies suggest that the quality of near-
shore marine habitat and availability of high quality forage fish can affect the breeding success 
of marbled murrelets and is likely to be an important factor for regulating marbled murrelet 
populations and their recovery (e.g. Peery et al., 2004, Becker et al., 2006, 2007, Beissinger & 
Peery 2007, Norris et al., 2007, Ronconi 2008, Sections 1-3, this report). Our goal here was to 
explore methods to optimize the spatial distribution of terrestrial nesting habitat with respect to 
features in the marine environment likely to indicate high quality foraging sites for breeding 
marbled murrelets.  Optimizing the spatial distribution of nesting and marine foraging habitat 
should create efficiencies in land use planning by maximizing the reproductive and survival 
value of forest habitat reserves for nesting murrelets, increasing the likelihood that marbled 
murrelets persist on the landscape, and hastening species recovery.  However, no study has yet 
attempted to examine the consequences of including marine habitat values in terrestrial habitat 
planning processes in support of Marbled Murrelets. 

The province of British Columbia is currently planning and implementing terrestrial 
habitat protection and management measures for marbled murrelets along the BC coast, using 
tools and provisions such as old-growth reserve areas as part of ecosystem-based management 
(EBM) planning and the Identified Wildlife Management Strategy under the Forest and Range 
Practices Act.  Although much preliminary research suggests that the proximity of old growth 
nest sites to productive marine areas may affect the potential quality of nesting habitat to 
murrelets, empirical data on marbled murrelet marine foraging use and the identification marine 
‘hot spots’ are scarce.  As a result, conservation initiatives for marbled murrelets still focus 
solely on the selection of high quality terrestrial habitat, ignoring the fact that some terrestrial 
habitat may be far from marine foraging areas likely to support the requirements of adults 
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murrelets during the pre-breeding and nesting stage, or to support newly fledged juveniles, which 
must reach sea on their maiden flight and, thereafter, forage independent of parental care in order 
to survive the post-fledging period (e.g. see Sections 2 & 3).   

In contrast, much recent research demonstrates that several reliable predictors of high 
quality, near-shore marbled murrelet foraging habitat exist.  These studies are based mainly on 
observational studies of species distribution (Yen et al., 2004, Burger et al., 2008), correlations 
between adult foraging success and juvenile:adult ratios estimated in late summer (Ronconi, 
2008, Kuletz, 2005), and on comparisons of stable isotope ratios of nitrogen and carbon, which 
indicate trophic feeding level, in juvenile murrelets collected up to 150 years ago versus 
contemporary sampled (Beissinger & Perry 2007; see also Section 3).  Our goal in this paper was 
to demonstrate how marine predictors such as substrate, proximity to shore and water depth (e.g., 
Burger et al. 2008, Ronconi 2008), can be used to explore the consequences of emphasizing 
marine foraging values in algorithms designed to identify near-optimal terrestrial reserve designs 
for marbled murrelets in coastal BC.  In particular, we asked how the inclusion of marine habitat 
values influenced the identification of marbled murrelet terrestrial reserves in the south-central 
coast of BC (Fig. 1) to inform land use processes now underway as part of ecosystem-based 
management (EBM) planning and the Identified Wildlife Management Strategy under the Forest 
and Range Practices Act.  To do so, we identified ‘best’ solutions for the spatial design of 
marbled murrelet nesting habitat reserves with and without the inclusion of marine foraging 
habitat information using a dynamic spatial planning tool (MARXAN, 
http://www.uq.edu.au/marxan/index.html;  Ball & Possingham 2000, Ardron & Klein 2008).  We 
then compare reserve designs based on various types of marine information included, and those 
obtained by placing an increasing emphasis on marine versus terrestrial values during the habitat 
selection process.  Our overall goal was to determine how similar ‘best’ terrestrial reserve 
designs selected via a conventional emphasis on terrestrial values are to those selected when 
marine and terrestrial values are given similar weight.  We then discuss briefly how marine 
predictive maps of marine habitat quality for marbled murrelets might be validated with data 
already available to land managers in BC, and what efficiencies might be gained as a 
consequence. 
 
Methods 
Study region and mapping proceedures 

We focused on a study area identified as the South Central Coast of BC by the Ecosystem 
Based Management Working Group (Fig. 1) and employed Arcmap 9.2, MARXAN v.1.8, and 
the North American 1983 Geographic coordinate system (Albers projection) to conduct 
simulations and map comparisons.  Using the repeating shapes tool (Jenness Enterprises; 
http://www.jennessent.com/arcgis/repeat_shapes.htm) we created 17,479 hexagonal planning 
units of 100ha in size over the entire terrestrial study area that included terrestrial data indicating 
the distribution of suitable murrelet nesting habitat (CMMRT 2003) and existing protected areas 
(Provincial parks and protected areas, conservancies, Wildlife Habitat Areas, Ungulate Winter 

 37

http://www.uq.edu.au/marxan/index.html


Range and Grizzly Bear critical habitat established under the Forests and Range Practices Act), 
as downloaded from the BC Land and Resource Data Warehouse (Fig. 1). 

The total area of murrelet terrestrial nesting habitat, and the amount of terrestrial nesting 
habitat already within existing protected areas in each terrestrial hexagon planning unit, was 
calculated using Hawth’s tools (http://www.spatialecology.com/htools/tooldesc.php).  Distance 
to shoreline from the terrestrial hexagon centres was calculated in ArcGIS.  Terrestrial planning 
unit cost was based on terrestrial ecological value = (1 – (amount of terrestrial habitat within 
PU)/(maximum amount of habitat among PUs))*100. Thus, the terrestrial planning units (PU) 
with the highest ecological value had the lowest ‘cost’ to the MARXAN solution, and were thus 
selected preferentially during the reserve design process.  MARXAN settings employed 100 
runs, using simulated annealing with normal iterative improvement, 1,000,000 iterations per run 
with 10,000 temperature decreases.  Single target, no budget ‘cost’ values ranged from 0 to 100, 
using a species penalty factor of 100.  No boundary length modifier was used because murrelets 
often fly long distances between marine and terrestrial habitats and little is known about limits to 
patch size use.  We also used an irremovable boundary file, created using JNCC ArcGIS 
extentions (available at http://www.uq.edu.au/marxan). 

Planning targets are summarized in Table 1 and based on expert opinion about marine 
features favoured by marbled murrelets for foraging prior to and during the breeding period 
(Table 1, refs therein).  Briefly, we created example reserve designs (maps) based on 3 example 
goals to protect 70, 50 and 30% of existing terrestrial murrelet nesting habitat.  Using a range of 
targets allowed us to explore the impact of changing levels of protection while including or 
excluding specific marine features in the reserve design.  The Canadian Marbled Murrelet 
Recovery Team has recommended that a target of 70% of suitable 2002 terrestrial nesting habitat 
within each coastal sub-region be reserved (CMMRT 2003).  Targets of 50 and 30% of existing 
habitat correspond to the results of population viability analyses of BC murrelet populations, 
which recommend maintaining a minimum of  ≥ 12 000 breeding pairs (≈36 000 birds) 
distributed in three to six management regions (Steventon et al. 2006).  Maintaining a breeding 
population of this size would require from 600,000 to 1.2 million ha of suitable habitat coast-
wide, assuming a density of 0.02 or 0.01 birds/ha, or 100,000 to 200,000 ha per each of the six 
CMMRT suggested conservation regions (Steventon et al. 2006).  Because the south-central 
coast study region is approximately one half of the central mainland coast CMMRT conservation 
area (CMMRT 2003); targets identified via analyses of population viability (Steventon et al. 
2006) imply that a minimum of approximately 30% to 50% of the remaining suitable habitat 
(50,000 to 100,000 ha of habitat, depending on the predicted density) in the south central coast is 
required to maintain healthy murrelet populations in future. 
 
Marbled murrelet breeding season marine foraging habitat 
We used the literature and an expert workshop (Marine Influences on Marbled Murrelet 
Population Dynamics and Breeding Season Distribution: an FSP-FIA-funded reporting and 
scoping workshop; Institute of Ocean Studies, Sidney, BC; Friday, 13 February 2009) to create 
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maps of potentially suitable murrelet foraging habitat during the breeding period, based on 
consistent predictors of murrelet distribution and reproductive success identified during breeding 
and reported in independent research studies (Table 2 and refs therein).  We then linked these 
predictors to environmental feature maps maintained as digital datasets (e.g., shoreline location, 
type, substrate and depth (see Table 2).  We then created multiple maps, based on single 
predictors (distance to shoreline, depth, proximity and amount of nearby sandy beach) and 
combinations of them (Table 2).  To do so, we created a layer of 10ha marine hexagons (n = 
36,054, http://www.jennessent.com/arcgis/repeat_shapes.htm) covering the entire marine portion 
of the study area to a distance of <5km to shore (see Burger et al. 2007).  Distance to the 
shoreline and distance to the nearest sandy beach from marine hexagon centres were calculated 
then calculated to link terrestrial polygons to the area of marine habitat adjacent to them.  
Distance to and amount of sandy beach, following classifications outlined by Ronconi (2008; 
Classes 24: sand/gravel flats; 27: wide sand beach and 28: sand flat; and 30: narrow sand beach 
from the Biophysical Shorezone mapping classification system), within a 2km buffer around 
each marine hexagons.  The linear extent of sand beach within the 2km marine buffers was also 
calculated.  Each 10 ha marine hexagon was then ‘ranked’ according to the potential amount of 
foraging habitat within the 2km buffer, based on 5 different assumptions about the marine 
features likely to be most influential of murrelet foraging success.  These were: M1 – Distance to 
terrestrial shoreline: > 2km from shore = 0, 500m to 2km = 1 and ≤ 500m = 2; M2 – Depth: > 
50m = 0, 20m to 50m = 1 and < 20m = 2; M3 – Distance to nearest sandy shoreline: > 500m = 0, 
≤ 500m = 1;  M4 – Amount of sandy shoreline within a 2km buffer: 0 = 0, ≤ 1000m = 1, >1000m 
= 2;  M5 – Simple MAMU marine foraging habitat model: M1 score +M2 score + M4 score.  
Finally, a spatial layer was created to record polygon scores for each marine model (M1-5). 
 
Incorporating marine foraging habitat value into terrestrial planning unit ‘costs’ 

The area of each marine habitat class, for each marine model (M1-5), was then calculated 
within a 30km buffer around each terrestrial planning unit.  For each marine model, the total 
weighted value of marine habitat quality for each terrestrial planning unit was calculated as: area 
of score 1 + (area of score 2 x 2) + (area of score 3x 3) + (area score n x n) for each marine 
model (M1-5).  To determine the impact of considering marine habitat value in terrestrial reserve 
design we employed the cost function in MARXAN, by weighting marine and terrestrial habitat 
quality models equally: (Marine value for each model)(0.5)+(Terrestrial value)(0.5). 
 
Comparison of reserves 

The resulting ‘terrestrial’ MARXAN reserves (best and summed solutions) for the 3 
habitats targets, with and without locked-in reserves included, were then compared to each of 6 
reserves similarly derived in MARXAN, but based on an equal weighting of marine and 
terrestrial habitat values.  The first comparison involved a reserve design using a terrestrial 
value-only cost model, but excluding terrestrial habitat >30km from the nearest saltwater 
shoreline.  The next five comparisons were conducted giving equal weight to terrestrial and 
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marine ‘ecological value’ as estimated for each of five derived marine habitat models (M1-5; 
Table 2).  Resulting spatial reserve designs were compared using the kappa coefficient (Jensen 
1996: 247-251) and correlation analyses (Ardron et al. 2008).  To explore the relative influence 
of emphasizing terrestrial versus marine values in terrestrial reserve designs for murrelets, we 
also compared the summed solutions for terrestrial murrelet reserves with 3 habitats targets, and 
excluding locked-in habitat, to reserve designs constructed by incrementally increasing by 10% 
our emphasis on marine (M5 model) versus terrestrial habitat values, ending with a terrestrial 
reserve in which proximity to high quality marine habitat was given 100% emphasis over 
terrestrial habitat values. 
 
Results 

We varied murrelet nesting habitat conservation targets to include from 30 to 70% of 
existing habitat, representing a range of advice about the amount of nesting habitat required for 
successful conservation (Table 1, see Methods).  However, because a substantial fraction of the 
plan area included already-protected habitats, and thus ‘locked-in’ to the final solution, pre-
existing reserves made up a larger, fractional share of final reserve designs as the target for 
nesting habitat conservation was reduced from 70 to 30% (Table 1).  The influence of locked-in 
habitat on final reserve designs is indicated in Figure 2, where map similarity is compared for 
reserve designs based only on terrestrial goals to those based on scenarios with nesting habitat 
>30km from the sea excluded, and to those based on one of 5 marine models given equal weight 
to terrestrial values in the reserve selection process (Table 2).  Map similarity was highest 
between terrestrial versus terrestrial plus marine scenarios when the total amount of nesting 
habitat reserved was low, because locked-in reserves represented a larger fraction of the final 
solution (Table 1) and thus acted as a more severe constraint on the selection algorithm (Fig. 2).  
Overall, marine scenarios with existing reserves locked-in were all more similar to the terrestrial 
design than a matching set of terrestrial plus marine designs without existing reserves locked-in 
(Fig. 2). 
 Reserve designs influenced by marine values and existing reserves locked-in differed 
modestly from the terrestrial-only design (c 70-85% similarity; Fig. 2).  In comparison, 
unlocking existing reserves permitted a wider range of marine-influenced designs, and resulted 
in some designs differing by up to c 50% from comparable designs based only on terrestrial 
values.  Unlocked designs emphasizing marine values also differed from the terrestrial design 
more so when the murrelet habitat targets were reduced from 70 to 30% of existing nesting 
habitat (Fig. 2).   

By comparison, all scenarios giving equal weight to marine and terrestrial habitat values 
returned maps that differed less from each other than from maps based only on the terrestrial 
habitat values.  In general, similarity between terrestrial and terrestrial plus marine scenarios 
differed least when distance to saltwater was the only marine value represented, and differed 
most when the linear extent of sandy beach within 2km of marine polygons was used to represent 
favourable foraging habitat (Fig. 2).  Overall, these comparisons suggest that locked-in reserves 
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constrain the arrangement of final reserve designs and potentially reduce the value of including 
marine foraging habitat as a factor affecting reserve selection, particularly when pre-existing 
reserve comprise a large fraction of the total budget for habitat conservation.  In contrast, our 
results also indicate that reserve selection algorithms that emphasize the marine habitat values 
will result in modestly to dramatically different reserve designs as compared to those based 
solely on terrestrial nesting habitat values.   

Figure 3 shows the correlation coefficient for the fraction of terrestrial polygons chosen 
in each of three habitat conservation scenarios (30-70%) as a function of the emphasis placed on 
marine versus terrestrial values in the habitat selection process.  With a 30% target for habitat 
reservation and existing reserves locked-in, increasing the emphasis on marine values resulted in 
a dramatic, curvilinear decline in map similarity.  Similar but less pronounced trends were 
evident for scenarios with higher targets for habitat reservation (Fig. 3).  These patterns arose 
because, as targets for the reservation of existing habitat were increased, the resulting scenarios 
included a higher fraction of all available nesting habitat, leaving less room for variation in 
reserve design as consequence. 
 
Discussion 

Our results indicate that including marine habitat values in terrestrial nesting habitat 
conservation plans for marbled murrelets can modestly to dramatically alter reserve designs 
when compared to those including only terrestrial habitat features (Fig. 2).  Differences between 
terrestrial versus marine plus terrestrial designs are likely to be greatest in regions where nesting 
habitat conservation targets are low relative to the total area of nesting habitat potentially 
available to murrelets, and where reserve designs are relatively unconstrained by the existence of 
locked-in reserves (Fig. 2).  Currently, these conditions are most likely to exist in the central and 
north coast of BC and Alaska.  In contrast, where the distribution of old growth forest potentially 
suitable for nesting murrelets is rare, such as in the Georgia Basin (CMMRT 2003) and 
California (Peery et al. 2004), marine values are less likely to influence reserve design, because 
recovery plans in these areas are likely to require the conservation of most or all remaining 
nesting habitat.   

Including marine values in terrestrial nesting habitat reserve designs for marbled 
murrelets depends on several assumptions about how well particular marine features predict the 
quality of murrelet foraging habitat (Table 2, refs therein).  Although much evidence now 
suggests that spatial and temporal variation in marine habitat quality, as well as long-term 
declines in marine habitat quality, can both affect survival and reproductive success in marbled 
murrelets (Peery et al. 2004, Kuletz 2005, Becker et al. 2007, Norris et al. 2007, Peery and 
Beissinger 2008, Ronconi 2008, this study), it has yet to be shown that murrelets that nest in 
proximity to high quality marine foraging areas survive and reproduce better on average than 
those nesting adjacent to poor or degraded marine habitats.  It has also not been shown whether 
murrelet nesting density varies as a function of marine habitat quality.  These issues argue in 
favour of maintaining an emphasis on terrestrial habitat features when designing reserves for 
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marbled murrelets.  In contrast, there appears to be little risk in assuming that marine features 
shown to be favoured by murrelets should be used by managers wishing to estimate the potential 
value of adjacent marine habitat (e.g., substrate, water depth; Table 2, refs therein) in situations 
where alternative terrestrial reserve designs are being considered as part of operational or 
strategic planning.  

Two approaches to validating assumptions about the quality of marbled murrelet foraging 
habitat include, first, documenting via survey spatial differences in the distribution and density of 
murrelets during the breeding period and comparing those distributions to predictions based on 
simple (e.g., Table 2) or sophisticated models of marine habitat quality (Yen and Huettman 
2005).  For example, the density of nesting murrelets in terrestrial habitat ‘catchment areas’ 
sampled by radar should be higher in catchments adjacent to marine areas predicted to be of high 
average quality if murrelets select nesting habitat partly based on its proximity to high quality 
foraging habitat.  Second, surveys of juvenile:adult ratios at-sea should also be related positively 
to predicted marine habitat quality if reproductive success or survival is higher among birds with 
unlimited access high quality marine foraging habitat.  Ronconi (2008), Kuletz (2005) and 
Gutowsky et al. (in review), have each established baseline data relating diet quality to 
juvenile:adult ratios in W Vancouver Is., se Alaska and Desolation Sound, BC, respectively.  
Gutowsky et al. (in review) also provides historic estimates of juvenile:adult ratios and diet 
quality, which are likely to represent stable populations on average (Norris et al. 2007).  
Extending these approaches offers a relatively simple means of testing further the hypothesis that 
consistent differences in marine habitat quality exist and are capable of influence nesting density 
or demography in marbled murrelets.  Evidence compiled to date suggests that such differences 
exists and affect the population demography of marbled murrelets in BC and California (Peery et 
al., 2004, Becker et al., 2006, 2007, Beissinger & Peery 2007, Norris et al., 2007, Ronconi 2008, 
Sections 1-3, this report).  Even modest spatial variation in nesting density or population fitness, 
currently assumed to be equal across all ‘suitable’ terrestrial nesting habitat in coastal BC 
(CMMRT 2003), should create opportunities to achieve substantial efficiency in reserve design 
by targeting those landscapes likely to hold high densities of productive murrelet, potentially 
replacing the current emphasis on maximizing nesting habitat area (e.g., Steventon et al. 2006).   
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Table 1. Targets for marbled murrelet conservation planning scenarios. The target is the 
proportion of suitable marbled murrelet terrestrial habitat that must be contained within any ‘near 
optimal’ reserve solution.  Targets were chosen or extrapolated from science advice and the 
literature  (see Methods). 
 

Target 
Amount of habitat 

required (m2) 

Amount required 
habitat in existing 

protected areas 
70% 
70% w/ existing protected habitat locked-in 

1,256,259,486 8% 

50% 
50% w/ existing protected habitat locked-in 

897,328,205 16% 

30% 
30% w/ existing protected habitat locked-in 

538,396,923 27% 



Table 2. Selected marine attributes shown to be good predictors of marbled murrelet breeding season marine foraging habitat in coastal areas of 
British Columbia. These marine attributes were used to derive indices of the amount of marbled murrelet marine foraging habitat available within 
2 km of each of the terrestrial planning units (see methods for full details). *Sand shoreline is defined here as in Ronconi (2008) and Barrett 
(2008). 
 
 
Marine Attribute  Literature Source 
w/in 
30 km 

Distance (km) from terrestrial 
habitat to saltwater shoreline  

 CMMRT 2003, Kuletz 2005, SFU unpublished data 

M1 Distance (m) of marine habitat 
from terrestrial shoreline  

 Carter & Sealy 1990, Ostrand et al 1998, Day & Nigro 2000 , Kuletz 2005, Ronconi 2008, 
Burger et al 2008 

M2 Depth (m) of marine habitat  Carter & Sealy 1990, Ostrand et al 1998, Day & Nigro 2000, Day et al 2003, Kuletz 2005, 
Ronconi 2008 Burger et al 2008 

M3 Distance (km) of marine habitat 
to nearest sand* shoreline 

 Yen et al 2004, Barret 2008, Ronconi 2008 

M4 Relative amount (m) of sand* 
shoreline within 2km radius of 
marine habitat 

 Yen et al 2004, Barret 2008, Ronconi 2008 

M5 Simple marine foraging habitat 
suitability model based on three 
key attributes m1 + m2 + m4. 

 Carter & Sealy 1990, Ostrand et al 1998, Day & Nigro 2000 , Kuletz 2005, Ronconi 2008, 
Burger et al 2008, Yen et al 2004, Barret 2008, Ronconi 2008 

 



Figure 1. The south-central coast planning region of British Columbia. The planning region was 
divided into 100 hectare hexagons (grey). The distance to nearest saltwater shoreline, area of 
suitable terrestrial marbled murrelet nesting habitat (green) and current protected status (red) was 
determined for each of the 17,479 hexagon planning units. 
 
Figure 2. Kappa statistics comparing the ‘best run solutions’ from the six target scenarios. The 
terrestrial value ‘best solution’ is compared to each of the six considered terrestrial value+ 
marine value ‘best solutions’ , with the two habitat values weighted equally (50% each). 
 
Figure 3. Multivariate correlation comparisons of the ‘summed solutions’ from three of the 
target scenarios (30, 50 and 70 percent MAMU habitat), comparing the (100%) terrestrial value 
‘summed solution’ to each of ten terrestrial value+ marine value ‘summed solutions’, where the  
relative weight of the marine value changes incrementally starting with 10% marine value (90% 
terrestrial value) to 100% marine value (0% terrestrial value).   
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