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Abstract. Stable isotope analysis has expanded the 
usefulness of avian specimen collections in ways 
that were generally unanticipated by the original 
collectors. This technique enables aspects of avian 
ecology to be studied using very small samples 
of feather or other tissue taken from specimens. 
Stable isotope values can be informative about 
diet, trophic ecology, spatial habitat use, and the 
migratory connectivity of breeding and nonbreed-
ing populations. They can also provide access to 
understudied time periods in a bird’s annual cycle, 
particularly periods of molt. Use of museum speci-
mens offers advantages for these studies: museum 
collections generally span longer time periods 
than field samples and represent broad geographic 
ranges. In this chapter, we review established and 
emerging isotopic techniques and their applica-
tions in avian ecology, with an aim to inspire and 
inform research using museum collections. We 
focus on analyses of bulk tissues and proteins, 
and we discuss ways in which sampling strategies 

for museum specimens can be adjusted to suit 
the research question, including considerations 
such as the timing of feather molt and the length 
of time during the life of a bird that is reflected 
by a sample. We also discuss general caveats for 
interpreting isotope data, the variance of which is 
usually influenced by multiple factors. In greater 
detail, we present recommendations for sampling 
museum specimens, such as avoiding a potential 
confounding influence of melanin concentration 
on carbon isotope values in feather, and minimiz-
ing damage to museum specimens when sampling. 
Stable isotope data from museum specimens have 
great potential to inform ornithologists about the 
trophic and spatial ecology of birds, and to provide 
long-term baseline data for studying how these 
attributes may be changing in the Anthropocene.

Key Words: bird, carbon isotope, diet, feather, for-
aging, hydrogen isotope, migration, nitrogen iso-
tope, seabird.

S table isotope analysis is now used to address 
a broad range of research topics in avian 
ecology and physiology, from the migra-

tory connectivity of songbird populations and 
the source of nutrients that females provision to 
eggs, to the spatial and trophic ecology of seabird 

communities (Rubenstein and Hobson 2004, 
Inger and Bearhop 2008). Stable isotope-based 
research has been used in ornithological research 
since the 1980s (Minagawa and Wada 1984, 
Schoeninger and DeNiro 1984, Hobson 1987) 
and has grown steadily in abundance since the 
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late 1990s (Figure 6.1). While a small proportion 
of those studies have incorporated samples from 
museum specimens, we see great potential to 
enhance ornithological knowledge by more fully 
employing museum collections.

In the most general terms, stable isotope anal-
ysis is useful in the study of birds because the 
isotopic composition of avian tissues can reflect 
aspects of diet, geographic location, habitat, or 
physiology, depending upon the chemical ele-
ment studied. This approach is based on the 
observations that (a) the isotopic composition 
of bird tissues is similar to, or differs predict-
ably from, diet or drinking water; and (b) that 
there are consistent geographic and physiologi-
cally driven patterns in stable isotope ratios. As 
intrinsic markers, stable isotopes can be used 
to study aspects of bird ecology that are diffi-
cult or impossible to observe directly, includ-
ing the migratory patterns of rare or otherwise 
difficult-to-track populations and the former 
diets and habitats of extinct species (Hobson 
and Montevecchi 1991, Chamberlain et al. 1997, 
Cherel et al. 2006, Clark et al. 2006). Stable iso-
tope analysis also holds practical appeal due 
to its relatively low per-sample cost, in terms 
of both time and money, and because samples 
required for most isotope analyses are very 
small (e.g., 1 mg) and can thus be taken with 
minimal effects on live birds or museum speci-
mens. For these reasons, stable isotopes are often 
useful companions to more expensive and inva-
sive techniques, such as satellite tracking and 
dietary studies that rely on forced regurgitation 

or sacrifice of the animal for stomach content 
analysis (Meckstroth et al. 2007, Votier et al. 
2010, González-Solís et al. 2011).

Museums can be a critical sample resource for 
isotope-based studies of avian ecology. Museums 
often hold specimens collected from across a spe-
cies’ geographic range, which can be particularly 
valuable to developing an understanding of spa-
tial isotope patterns, for example, to understand 
connectivity between widely dispersed breeding 
and nonbreeding populations of migrants (Kelly 
et al. 2002, Lott et al. 2003). In addition, museum 
collections often hold specimens that are diffi-
cult or impossible to sample in the field because 
they are from rare, logistically difficult to access, 
or extinct species. Indeed, historically collected 
or archaeological and paleontological specimens 
provide particularly exciting samples to isotope 
researchers, who can use them to reconstruct 
historical trends in ecology (e.g., Thompson et al. 
1995, Becker and Beissinger 2006, Wiley et al. 
2013). Ornithologists today are faced with a press-
ing need to characterize and preserve diminishing 
avian biodiversity. This task involves understand-
ing the nature and scope of human impacts on 
bird populations over timescales ranging from 
decades to millennia. Museum specimens are a 
source of samples that span these broad tempo-
ral scales, and the stable isotope ratios of organic 
matter preserved within these specimens provide 
a means of documenting shifts in foraging ecol-
ogy, environmental biogeochemistry, and phy-
siology. Stable isotope data can therefore make 
valuable contributions to the extended specimen 
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Figure 6.1. Published articles with key words “stable isotope” and “bird” within the Web of Science, by year. (Modified 
from a Web of Science citation report created December 15, 2015.)
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(Chapter 1, this volume); they can both elaborate 
on the phenotype of individuals represented in 
museum collections and describe the ecological 
context from which birds were sampled.

This chapter is written to both inspire and 
inform the use of museum specimens in stable 
isotope-based studies of birds. To date, these stud-
ies have predominantly focused on isotope data 
from proteins and whole tissues; this chapter is 
similarly focused. For readers new to the field of 
isotope ecology, we include a brief section intro-
ducing stable isotope methodology and a section 
exploring applications of stable isotopic data in 
ornithology. We do not attempt to cover all stud-
ies in this large and growing field, but rather 
provide selected examples to capture its breadth, 
complications, and possibilities. With respect to 
museum specimens, we include a section on the 
challenges of using stable isotope techniques and 
sources of interpretation errors, and another sec-
tion on sampling considerations and strategies, 
highlighting examples from our own research on 
 procellariiform seabirds. This latter section places 
a heavy emphasis on the feather, as it is the most 
readily available tissue from museum specimens 
and is by far the most commonly used for isotope 
studies. Finally, we discuss challenges and recom-
mendations for future isotope studies, and we 
propose ways in which the utility of museum col-
lections could be increased for isotope researchers.

StaBle ISotopeS: BaSIC theory 
and methodology

Stable isotopes are unique forms of an element 
that differ in neutron number and do not radio-
actively decay. For example, 12C and 13C are sta-
ble isotopes, but not 14C, which decays into 14N 
through time. Due to the difference in neutron 
number, stable isotopes of a given element differ 
from each other in mass and relative abundance. 
For example, about 98.9% of all carbon atoms on 
earth are isotope 12C, while only 1.1% are 13C. 12C 
is therefore referred to as the abundant isotope, 
while 13C is considered the rare isotope. Although 
the stable isotopes of an element co-occur in 
natural substances and participate in the same 
chemical reactions, the reaction rate constant, or 
the rate at which a reaction proceeds, is higher for 
the lighter, typically more abundant, isotope than 
for the heavier, typically rare, one. Because of its 
higher reaction rate constant, the light isotope is 

often enriched in the product of reaction, as com-
pared with the heavy isotope. This phenomenon 
is referred to as fractionation and is described by a 
fractionation factor (α), which is the ratio of two 
reaction rate constants:

 α = k k2 1/

where k1 and k2 are the rate constants for the light 
and heavy isotope, respectively.

Fractionation causes isotope ratios to vary among 
different organs, organisms, and nonliving sub-
stances. For example, plants using C3 photosyn-
thesis incorporate less 13C during CO2 fixation 
than do plants with C4 photosynthesis, and so 
they have less 13C in their tissues than do plants 
using C4 photosynthesis (Marshall et al. 2007). 
Biologists have learned to exploit naturally occur-
ring isotopic variation in order to study the flow 
of elements through ecosystems and organisms, 
in the process gaining knowledge of food web 
structure, habitat use, and physiology for a broad 
range of habitats and species (Fry 2006). Just as 
C3 and C4 plants differ from each other in the 
relative abundance of 13C, entire food webs based 
on these photosynthetic pathways are also iso-
topically distinct. Similarly, differences between 
fresh and seawater in the ratio of oxygen’s most 
abundant isotopes, 18O and 16O, are incorporated 
into animal tissues and have been used to infer 
populations’ relative use of those water sources 
(Schaffner and Swart 1991, Clark et al. 2006).

Stable isotopes of the “light” elements—C, N, 
H, O, and S—are most commonly used to study 
bird ecology. Isotope data are reported in delta 
notation as δ13C, δ15N, δD (or δ2H), δ18O, and 
δ34S values, expressed as ‰ (per mil). Delta nota-
tion represents the ratio of isotopes within a sub-
stance, as compared to that of an internationally 
accepted standard:

 
δX R R= − ×( )sample standard/ 1 1000

where X = 13C, 15N, D, 18O, or 34S; and R is the 
corresponding ratio of the element of interest: 
13C/12C, 15N/14N, 2H/1H, or 34S/32S (Coplen et al. 
1983, Coplen 1994).

Stable isotope measurements are typically made 
using stable isotope mass spectrometers, which 
require that the sample be turned into a gas, and 
then the gas of interest (e.g., CO2) be purified from 
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other gas species in the sample. For example, the 
measurement of δ13C from bone collagen requires 
combustion of collagen and purification of CO2 from 
other combustion products such as N2, H2O, O2, 
and SOx. Purification can be achieved cryogeni-
cally, chemically, and/or  chromatographically. 
Within the source of a mass spectrometer, the gas 
of interest is ionized and then accelerated into a 
magnetic field. Within the magnetic field, ions are 
deflected and separated according to their mass to 
charge ratio (m/z) based on the principle that ions 
of higher m/z have a greater radius of deflection 
than those of lower m/z.

In ecological stable isotope studies, researchers 
are interested in either the analysis of whole or 
“bulk” organic material such as tissues, proteins, 
or sediments, or else they are focused on individual 
compounds such as amino acids and alkanes. The 
majority of bulk isotope data used in ecological 
studies is now produced with the aid of an elemen-
tal analyzer that combusts and purifies gases (e.g., 
N2, CO2) from a small aliquot of liquid or solid. A 
stream of helium (He) serves to move the sample 
gas through the elemental analyzer and into the 
mass spectrometer for isotope analysis. The analy-
sis of individual compounds or compound specific 
isotope analysis (CSIA) first requires the compound 
class of interest (i.e., amino acids, hydrocarbons, 
fatty acids) to be purified from a mixture. In the 
case of amino acids derived from collagen, the col-
lagen is purified from the bone mineral and other 
proteins, and then hydrolyzed to produce free 
amino acids. If the compound class is not volatile, 
its constituents must be chemically modified to a 
volatile form, as is the case with amino acids. The 
individual compounds in the compound class must 
be separated on a gas chromatograph (GC) prior 
to combustion and isotope analysis. Thus, the sam-
ple is injected into a GC where it is carried onto a 
column and, ultimately, to the mass spectrometer 
by a stream of He. After separation on the GC col-
umn, compounds move, individually, into a fur-
nace where they are combusted. The combustion 
gases are then cryogenically purified into the gas of 
interest prior to entering the mass spectrometer for 
isotope analysis.

avIan SpeCImenS In StaBle 
ISotope eCology

Stable isotope studies in ornithology can be consid-
ered a subdiscipline within a field often referred to 

as stable isotope ecology, which is itself a large and 
expanding discipline. Several excellent reviews are 
available for readers interested in the broader field 
of stable isotope ecology and further discussion 
of ornithological applications (Rubenstein and 
Hobson 2004, Fry 2006, West et al. 2006, Inger 
and Bearhop 2008, del Rio et al. 2009, Boecklen 
et al. 2011). Here, we discuss the well-established 
applications of stable isotopes in ornithology and 
highlight those that are most likely to involve 
museum specimens.

Two of the most productive areas of isotope-
based ornithological research include studies of 
diet composition and spatial habitat use. Such 
studies are founded on the principle that the 
isotope value of a bird’s tissues typically reflects 
the isotope value of its diet (or diet and drink-
ing water, in the case of H and O), plus a pre-
dictable offset. This offset is often referred to as 
a discrimination factor. For example, the offset 
between local precipitation and a given animal’s 
tissue is referred to as a precipitation-to-tissue dis-
crimination factor, whereas the difference in iso-
tope value between an organism, or its tissue, and 
its diet is called a trophic discrimination factor 
(TDF). Controlled feeding experiments can delin-
eate the TDF for different tissues and demonstrate 
a predictable relationship between a bird and its 
diet, facilitating dietary studies for wild bird pop-
ulations (e.g., Hobson and Clark 1992a,b, Hobson 
and Bairlein 2003, Cherel et al. 2005, Federer et al. 
2010). Although isotope-based studies of bird diet 
can only differentiate between foods that are iso-
topically distinct, there are a range of variables that 
cause avian diets to differ from one another, includ-
ing trophic level, ecosystem or habitat type, and 
spatial position; spatial patterns in isotope values 
are often referred to as isoscapes. In Table 6.1, we 
detail sources of stable isotope variation that have 
been used as the basis for avian studies. Although 
nonexhaustive, this list demonstrates the diversity 
of factors contributing to stable isotope variation in 
birds and their diets, and the corresponding diver-
sity of ornithological research that is possible with 
stable isotope techniques.

The types of questions that isotope-based stud-
ies can address expands further when you consider 
that different bird tissues provide information 
from distinct timescales (see Table 6.2; Dalerum 
and Angerbjörn 2005). Among metabolically 
active tissues, the rate of turnover varies such 
that isotope values can reflect periods as short as 
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days, as in blood plasma, or as long as years, as in 
bone collagen (Hobson and Clark 1992a, Pearson 
et al. 2003, Hedges et al. 2007). Isotope data from 
metabolically inert tissues such as feathers and 
toenails record information over the period of tis-
sue synthesis, after which time they remain iso-
topically unchanged (Hobson and Clark 1992a). 
Understandably, feathers have become a favorite 
of isotope researchers as they can be sampled with 
minimal damage to live birds and museum speci-
mens. Additionally, feathers are sometimes grown 
on distant nonbreeding grounds when birds typi-
cally are more difficult to study directly.

Researchers have successfully used the isoto-
pic composition of multiple tissues, including 

feathers, to study different time periods within 
the annual cycle and to study intraindividual 
variation in resource use at a variety of timescales 
(Dalerum and Angerbjörn 2005). An important 
caveat is that it can be difficult to directly com-
pare isotope data from multiple tissues: they 
will differ not only as a function of time, but 
also in accordance with their unique TDFs. For 
example, different tissues have distinct amino 
acid compositions and can be synthesized from 
different portions of the diet; the disparity in 
isotope values between diet and tissues (tissue-
specific TDFs) tends to vary. Notably, TDFs have 
been measured for a variety of avian tissues and 
species, but because TDFs vary among species 

tABle 6.1
A nonexhaustive list of sources or interpretations of stable isotope variations in bird tissues.

δ value Environment Source of variation Example studies

δ13C Marine Foraging latitude Cherel and Hobson (2007), 
Jaeger et al. (2010)

Benthic versus pelagic food webs Hobson et al. (1994)

Terrestrial C3 versus C4 versus CAM-based food 
webs; mesic versus xeric habitats

Marra et al. (1998), Bearhop et al. (2004), 
Clark et al. (2006)

All Incorporation of dietary lipids into 
tissue protein

Thompson et al. (2000)

Mixed Marine versus terrestrial C3/freshwater Tietje and Teer (1988), Hobson and Sealy 
(1991), Gunnarsson et al. (2005)

δ15N Marine Foraging location (spatial variation in N 
cycling, e.g., denitrification)

Cherel et al. (2000), Wiley et al. (2012)

Terrestrial Mesic versus xeric habitats Sealy et al. (1987), Ambrose (1991)

All Anthropogenically fixed N additions 
(fertilizer use)

Hebert and Wassenaar (2001)

Trophic level Kelly (2000), Becker and 
Beissinger (2006)

Food restriction/starvation Cherel et al. (2005) (but see 
Graves et al. 2012)a

Mixed Marine versus terrestrial/freshwater diet Chamberlain et al. (2005)

δD/δ18O Terrestrial Geographic patterns in meteoric water 
(associated with altitude, latitude, and 
distance from ocean)

Hobson et al. (2001), Hobson et al. 
(2004), Bearhop et al. (2005), 
Greenberg et al. (2007)

δ18O Mixed Marine versus freshwater use Shaffner and Swart (1991)

δD All Evaporative water loss McKechnie et al. (2004), Powell and 
Hobson (2006)

δ34S Marine Benthic versus pelagic food webs Thode (1991)

Mixed Marine versus estuarine/marsh versus 
terrestrial/freshwater diet

Hobson et al. (1997), Thode (1991)

a The tendency of food restriction and starvation to elevate δ15N values appears to vary based on tissue type, with tissues that are actively main-
tained or synthesized during periods of fasting being most likely to show increased δ15N (see Martinez del Rio et al. 2008).
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(e.g., due to different dietary protein intake), 
there is some degree of error when TDFs are 
extrapolated beyond the original study organ-
isms where they were measured (Cherel et al. 
2005, Robbins et al. 2005).

Taking advantage of both a suite of available 
study variables and timescales, isotope research-
ers have built a substantial body of literature on 
avian diet and habitat use. For example, marine 
and terrestrial organisms generally differ in δ13C 
and δ15N, differences that have been used to 
estimate the marine contribution to the diets of 
insular Northern Saw-whet Owl (Aegolius  acadicus) 
and ancient California Condors (Gymnogyps 
 californianus), and to infer a temporal increase in 
the use of terrestrial food by Herring Gulls (Larus 
argentatus) in the Great Lakes (Hobson and Sealy 
1991, Chamberlain et al. 2005, Hebert et al. 2008). 

δ15N values are used widely to study the trophic 
level of birds and food web structure (Hobson 
et al. 1994, Sydeman et al. 1997, Beaudoin et al. 
2001). This tool is the basis of a growing body of 
literature suggesting that seabirds in both coastal 
and oceanic regions may have shifted to lower 
trophic level prey after the onset of industrial-
ized fishing and whaling within their forag-
ing ranges (Becker and Beissinger 2006, Emslie 
and Patterson 2007, Farmer and Leonard 2011, 
Wiley et al. 2013). Archived bird specimens were 
sampled in most of the aforementioned studies, 
highlighting the value of museum collections 
in addressing these questions. Isotope research 
delineating changes in foraging habits through 
time can play a critical role in understanding 
avian population declines, and we predict this 
approach will have a rich future that is closely 

tABle 6.2
Bird tissues commonly used for stable isotope analysis and the time periods they reflect, described by half-life 

(metabolically active tissues) and growth rates (metabolically inert tissues).

Tissue Species

Half-life (days)a

Sourceδ13C δ15N

Blood plasma American Crow 
(Corvus brachyrhynchos)

2.9 0.7–1.7 Hobson and Clark (1992a)

Yellow-rumped Warbler 
(Setophaga coronata)

0.4–0.7 Pearson et al. (2003)

Red blood cells American Crow 29.8 Hobson and Clark (1992a)

Whole blood Japanese Quail 
(Coturnix japonica)

11.4 Hobson and Clark (1992a)

Great Skua (Stercorarius skua) 14 15.7 Bearhop et al. (2002)

Garden Warbler (Sylvia borin) 11 5–5.7 Hobson and Bairlein (2003)

Yellow-rumped Warbler 4–6 7.5–27.7 Pearson et al. (2003)

Dunlin (Calidris alpina) 11.2 10 Ogden et al. (2004)

Liver Japanese Quail 2.6 Hobson and Clark (1992a)

Muscle Japanese Quail 12.4 Hobson and Clark (1992a)

Bone collagen Japanese Quail 173.3b Hobson and Clark (1992a)

Growth rate

Feather Variousc 1.7–11.0mm/day Prevost (1983)d

Toenail Five Palearctic passerine 
species

0.04 ± 0.01 mm/day 
growth rate

Bearhop et al. (2003)

a The turnover rate of a particular tissue can vary between species, generally slowing in larger species and species or individuals with lower 
protein intake (Martinez del Rio et al. 2009).
b Although Hobson and Clark (1992a) is the only study documenting bone collagen turnover in birds, other studies suggest that carbon in 
collagen can reflect decades or even the lifetime of an adult (e.g., Hedges et al. 2007).
c Lower range of feather growth rates was reported for the Ashy Storm-Petrel (Oceanodroma homochroa), and upper range for the Red-crowned 
Crane (Grus japonensis).
d Reports a range of growth rates, as reviewed by Rohwer et al. (2009).
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tied to museum specimen availability (Norris 
et al. 2007, Blight et al. 2014).

Stable isotopes also provide insight into bird 
migration and other spatial movement patterns 
(Hobson 1999, Webster et al. 2002, Rubenstein 
and Hobson 2004). The use of hydrogen iso-
topes to study migration is particularly com-
mon. This technique is based on the existence 
of  continental-scale patterns in the δD value of 
precipitation, which is related to latitude, dis-
tance from the ocean, and altitude, and on the 
observation that birds typically incorporate the 
δD value of local precipitation into their growing 
tissues with a predictable offset, or precipitation-
to-tissue discrimination factor (Chamberlain et al. 
1997, Hobson and Wassenaar 1997, Hobson et al. 
2004, Inger and Bearhop 2008). Geographic pat-
terns of precipitation δD values are particularly 
well-described across continental North America, 
where feathers collected on the breeding grounds, 
but grown on the wintering grounds, are now 
commonly used to infer general wintering loca-
tion and to help link wintering and breeding pop-
ulations (Hobson et al. 2001, Bearhop et al. 2005). 
The utility of this approach is nicely demonstrated 
in the study by Greenberg et al. (2007), which used 
δD values to estimate the latitude of previously 
unknown Coastal Plain Swamp Sparrow (Melospiza 
georgiana nigrescens) wintering locations. With addi-
tional insight on the brackish habitat type of the 
wintering location inferred from feather δ13C and 
δ15N, the authors were able to physically locate the 
wintering population (Greenberg et al. 2007).

Although geographic patterns, or isoscapes, of 
δD are absent in the ocean, δ13C isoscapes have 
been commonly used to infer relative foraging 
latitude among marine birds (Cherel et al. 2006, 
Cherel and Hobson 2007, Jaeger et al. 2010). The 
broad-scale, inverse relationship between δ13C 
and latitude throughout the world’s oceans results 
from temperature-induced variation in the con-
centration of CO2, which changes the extent to 
which phytoplankton incorporate 13C during 
CO2 uptake (Goericke and Fry 1994). A variety 
of other spatial patterns in δ13C, δ15N, and δ34S 
have been recognized in marine, freshwater, and 
terrestrial environments, and these isoscapes can 
and have been used for studies of movement pat-
terns in a variety of birds (Kelly 2000, Rubenstein 
and Hobson 2004, Braune et al. 2005, Hebert 
and Wassanaar 2005, Coulton et al. 2010, Wiley 
et al. 2012). In some cases, samples from museum 

specimens have helped to describe isoscapes by 
increasing their spatial coverage and the rapidity 
of their development (e.g., Kelly et al. 2002).

As direct electronic tracking of birds becomes 
more feasible, stable isotopes have often entered 
into a partnership with tracking data, where iso-
topes provide increased sample size and the abil-
ity to include archived samples from birds that 
cannot be captured and tagged (Knoche et  al. 
2007). Although isotope analyses cannot pro-
vide the level of spatial resolution that is available 
through electronic tracking (Robinson et al. 2010, 
Hedd et  al. 2012), they are much less expensive 
and labor-intensive. Importantly, isotope values 
often reflect diet in addition to location, mean-
ing they can add a perspective on foraging that 
is impossible to obtain through tracking. We sug-
gest that, after study systems are well-described 
by joint isotope-tracking research, stable isotopes 
may provide a means of cheaply monitoring for 
changes in a population’s movements and forag-
ing habits into the future.

Stable isotopes have provided important advances 
on a variety of other topics, such as the balance of 
endogenous versus exogenous nutrient allocation 
to egg and feather formation (Hobson et al. 1997, 
Klaassen et al. 2001, Fox et al. 2009, DeVink et al. 
2011), the transport of marine-derived nutrients 
to terrestrial ecosystems by breeding seabirds 
(Wainright et al. 1998, Stapp et al. 1999), and 
potential carryover effects on fitness between the 
period of molt and the breeding season (Marra 
et al. 1998, Norris and Marra 2007, Kouwenberg 
et al. 2013). Stable isotopes have also proven 
useful in studies of habitat segregation between 
the sexes during the, often understudied, non-
breeding season (Marra and Holmes 2001) and 
in investigations of variable contaminant and 
disease exposure (Bearhop et al. 2000, Braune 
and Hobson 2002, Hobson et al. 2002, Hebert 
et al. 2014). Each of these studies relied on one 
or more of the sources of isotope variation listed 
in Table 6.1.

emergIng analytICal teChnIqueS

Before moving on, we highlight two emerg-
ing methods in stable isotope ecology that are 
growing in influence. First, Bayesian analyses 
of mass balance models are becoming com-
mon in food web studies. Mass balance models, 
such as Isosource, have long been used in food 
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web studies to evaluate the relative importance 
of dietary items to consumers (Phillips and Greg 
2003). Bayesian analysis of mass balance models 
produces estimates of the relative contributions 
of sources (often prey) to isotope values (often of 
consumers) as true probability density functions 
rather than the simple range of possible values 
that is produced by mass balance models (Parnell 
et al. 2010). Bayesian methodology also has the 
advantage that the analyst can incorporate prior 
knowledge about source contributions to the diet 
of the animal under investigation, which can 
increase precision and accuracy of diet estimates 
(Parnell et al. 2013).

Standard ellipsoid models are an important 
approach derived from a Bayesian framework 
(Jackson et al. 2011). The mean isotope values 
for the population are the center of the ellipse, 
whereas eigenvalues of a covariance matrix gener-
ated from a multivariate normal distribution are 
used to derive the area of the ellipse (SEAb). The 
ellipse defines an area on a bivariate isotope plot 
and is a reflection of isotopic variation for a pop-
ulation. The ellipse area can also be interpreted 
as a measure of “isotopic niche width” if isotope 
values can be clearly related to foraging attributes 
such as habitat (Newsome et al. 2010, Jackson 
et al. 2011). Importantly, Bayesian methods can 
also provide estimates of the probability that two 
means may be different, rather than confidence 
intervals provided by frequentist analysis of vari-
ance (ANOVA) approaches.

Advances are also being made in the use of 
compound- specific isotope analysis. This  technique 
generates isotope data from individual compounds 
such as fatty acids or amino acids, instead of whole 
tissues or proteins; this latter class of analyses is often 
referred to as “bulk” isotope analysis. Compound-
specific isotope analyses offer the ability to differ-
entiate between otherwise confounded sources 
of isotope variation. For example, δ15N values are 
commonly used to infer relative trophic position, 
but spatial variability in δ15N values (e.g., from 
differences in the relative use of nitrate versus 
atmospheric N2 at the base of marine food webs) 
can confound interpretations of trophic position. 
Some amino acids, such as phenylalanine (Phe), 
are incorporated from diet into consumer tissues 
with negligible TDFs and have δ15N values that 
predominantly reflect the nitrogen source, that 
is, the δ15N of nitrogen used by primary pro-
ducers at the base of the food web. Other amino 

acids, such as glutamic acid (Glu), have large TDFs 
and therefore show isotopic shifts due to trophic 
transfers, in addition to reflecting source nitrogen 
δ15N (McClelland and Montoyo 2002, Chikaraishi 
et al. 2009). By comparing the δ15N value of Phe 
and Glu (or other so-called source and trophic 
amino acids), researchers are able to distinguish 
between variation in trophic level and variation 
in nitrogen source (Choy et al. 2012, Steffan et al. 
2013). This amino acid-specific δ15N technique 
offers another exciting prospect: the potential 
to generate reliable estimates of trophic level for 
individual birds in the absence of prey or pri-
mary producer samples. However, accurate tro-
phic level estimates of birds will require further 
experimental work that clearly defines the TDF for 
amino acids in avian tissues (Lorrain et al. 2009, 
McMahon et al. 2015).

potentIal ConfoundIng faCtorS 
and other SourCeS of error

Stable isotopes can be powerful tools, but inter-
pretation of isotope data can be challenging, as the 
ratio of isotopes for any given element can vary as a 
function of multiple factors. It is the responsibility 
of every thoughtful isotope researcher to under-
stand the potential sources of isotope variation 
within their study system as well as the assump-
tions of isotope methods that, when violated, 
may be sources of interpretive error. For example, 
many isotope studies assume that birds are in iso-
topic equilibrium with their food sources, such 
that newly formed tissues will reflect the present 
diet and location. This assumption is not always 
met. Birds may retain metabolic pools derived 
from previous locations and may catabolize pre-
viously built tissues in order to synthesize new 
ones; this has been highlighted by isotope studies 
of exogenous versus endogenous reserves in egg 
and feather formation (Klaassen et al. 2001, Fox 
et al. 2009).

We do not attempt to summarize all potential 
sources of error here, but note that careful con-
sideration of spatial and temporal scale is impera-
tive. For example, δD isoscapes can be powerful 
indicators of long-distance movements, but at 
small spatial scales, δD variation may predomi-
nately derive from factors other than geographi-
cal location because of isotopic influences from 
local hydrology or water lost from birds’ bodies 
through evaporative cooling (Powell and Hobson 
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2006, Wunder et al. 2012). Similarly, isoscapes do 
not always preclude the possibility that bird tis-
sues with similar isotope values were formed in 
very distant locations. Just as researchers should 
carefully consider the limitations of isoscapes, 
they should also acknowledge limits in tempo-
ral resolution. For example, the precise timing 
of feather growth is often unknown, even when 
molt sequence and season have been described, 
and intraspecific variation in the timing of feather 
growth can sometimes explain significant isotope 
differences (e.g., Wunder et al. 2012).

The occasional discovery of new sources of 
isotope variation in bird tissues highlights our 
sometimes-incomplete understanding, but, at the 
same time, it can inspire the development of new 
isotopic research tools. For example, Ostrom et al. 
(2014) discovered a range of >100‰ in δD values 
among seabirds foraging in the open ocean, even 
though δD values of water and potential prey are 
relatively invariant. They hypothesized that isoto-
pic discrimination associated with salt excretion 
via nasal salt glands is the main cause of this vari-
ability, and that birds that eat salty invertebrates 
as opposed to less salty teleost fish tend to have 
higher δD values. Further work is needed to deter-
mine if δD is a useful tool for studying diet in 
birds with well-developed salt glands.

Studies uncovering new sources of isotope 
heterogeneity may also alert us to potentially 
confounding factors that can be better con-
trolled in future research. For instance, Michalik 
et al. (2010) and Wiley et al. (2010) found that 
feather containing the pigment eumelanin 
tends to be depleted in 13C relative to melanin-
free feather (Figure 6.2). This effect may result 
from the synthesis of  eumelanin from the 
amino acid tyrosine, which is incorporated into 
avian tissues from diet with little or no bio-
chemical alteration, and is itself depleted in 13C 
relative to bulk keratin (McCullagh et al. 2005). 
Similarly, Grecian et al. (2015) showed an offset 
in δ13C between feather vane and feather rachis, 
which they attributed to a difference in amino 
acid composition between these two feather 
components. Regardless of cause, these findings 
demonstrate that consistency in sampling tech-
nique can be important, and isotope researchers 
should continue to explore isotopic heterogene-
ity within bird populations, individuals, and tis-
sues to test assumptions of their techniques.

When sampling museum specimens, research-
ers should also consider the possibility that pres-
ervation methods may have altered the original 
isotope values of avian tissues. Most published 
research on this topic has concentrated on the 
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Figure 6.2. Stable carbon isotope values of melanin-rich and melanin-free feathers in six species. Data points represent 
group means ± standard errors. (Imperial Shag [Phalacrocorax atriceps], Wilson’s Storm-Petrel [Oceanites oceanicus], Oystercatcher 
[Haematopus ostralegus], and Common Shelduck [Todorna tadorna] data are from Michalik et al. 2010. Hawaiian Petrel [Pterodroma 
sandwichensis] and Newell’s Shearwater [Puffinus auricularis newelli] data are from Wiley et al. 2010.)
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use of ethanol and formalin-preserved speci-
mens. Several studies found no impact of ethanol 
preservation on δ13C and δ15N values, and a con-
sistent, and therefore correctable, impact of for-
malin on δ13C (Sarakinos et al. 2002 and citations 
therein, Barrow et al. 2008). However, Kaehler 
and Pakhomov (2001) and Kelly (2006) found 
that ethanol can sometimes alter δ13C values of 
preserved organisms, and the effects of ethanol 
and formalin can apparently vary between species 
and tissue types (e.g., Sweeting et al. 2004). Taken 
together, these studies suggest that investigators 
should carefully consider methods of sample pres-
ervation and may need to carry out experiments 
to test the equivalency of preservation methods 
(e.g., drying versus freezing versus ethanol and 
formalin preservation) for the particular taxa and 
tissues of interest.

The list of potentially confounding factors in 
stable isotope studies may be daunting to new 
isotope users. However, we note that multiple 
isotopes can often be used to constrain poten-
tial sources of variation and afford more defini-
tive conclusions (Lott et al. 2003). In other cases, 
ground-truthing with conventional, nonisotopic 
techniques can provide a foundation for isotope-
based inferences (González-Solís et al. 2011). 

Knowledge of a species’ natural history can also 
be a means of discounting potential sources of 
isotope variation. Finally, we echo a conclusion 
made by Inger and Bearhop (2008): although 
potential sources of error in isotope-based studies 
of birds exist, many can be overcome simply by 
thoughtful study design.

StrategIeS for SamplIng 
muSeum SpeCImenS

For any isotope-based study of birds, one of the 
first decisions about sampling will be the choice 
of tissue type. Avian museum specimens are most 
commonly sampled for feather and bone. Bone 
has generally been used in studies of zooarchaeo-
logical and paleontological samples, which tend 
to rely on isotope data from collagen, the domi-
nant bone protein. A much larger number of stud-
ies have used feathers. To illustrate the different 
utilities of these two tissues, we present data from 
the Hawaiian Petrel (Pterodroma sandwichensis) as a 
case study.

Thanks to the abundant ancient bone record of 
the Hawaiian Petrel, Wiley et al. (2013) were able 
to construct isotope timelines reaching back circa 
4,000 years (Figure 6.3). These timelines reflect 
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Figure 6.3. Isotope data from bone collagen provide time-averaged signals of diet and the possibility of constructing 
historic and prehistoric timelines. Here, δ15N values of modern and radiocarbon-dated bone collagen are shown for five 
Hawaiian Petrel populations. The average age and isotopic composition of each time bin, ± standard error, is plotted with 
sample size noted. Gray shading indicates time bins. Modern samples were unavailable from Oahu and Molokai due to 
population extirpation. Stippled lines connecting data points are for visualization purposes; isotopic shifts between time 
bins may have occurred nonlinearly. CE, Common Era. (Reprinted with permission from Wiley et al. 2013.)
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an integrated measure of diet over the course of 
the annual cycle, and likely over months to years 
in the life of each individual bird. Such time-
averaged signals can be ideal for studies covering 
large temporal scales. Hawaiian Petrel δ15N val-
ues show a striking pattern of decline through 
time, with all significant change isolated to the 
interval between the two most modern time bins 
in three populations. Wiley et al. (2013) inter-
preted this δ15N decline as most likely reflecting 
a decline in trophic level: perhaps a shift in petrel 
diet caused by the onset of industrial fishing. Such 
a decline was previously undocumented for a 
tropical, open ocean predator, and suggests poten-
tially widespread changes in Hawaiian Petrel food 
webs, which extend from the equator to near the 
Aleutian Islands. Importantly, the Hawaiian Petrel 
isotope chronology includes data from well before 
the advent of humans in the breeding grounds or 
foraging range of the species. These data therefore 

establish a prehuman baseline for an endangered 
seabird, against which modern and future data 
can be compared.

In contrast, Wiley et al. (2014) use stable car-
bon and nitrogen isotope data from Hawaiian 
Petrel feathers to detail modern foraging diversity 
(Figure 6.4). Whereas collagen data do not show 
significant differences among modern petrel 
populations, data from flight feathers grown 
during the chick-rearing period (by hatch-year 
birds) and nonbreeding season (adults) are con-
sistent with differences in foraging location 
between populations and also between periods 
of the annual cycle (Wiley et al. 2014). These data 
provide concrete guidance on how to collect elec-
tronic tracking data that represent the species as 
a whole. For example, it is clear from isotope data 
that Maui Petrels, previously tracked during the 
breeding season, likely provide different results 
than would tracking of any population into the 
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Figure 6.4. Feather data can provide insight into foraging ecology over multiple, discrete periods of the annual cycle. 
Here, flight feather isotope data are shown alongside at-sea locations of Hawaiian Petrels. In (a), the black line marks 
Hawaiian Petrel distribution from transect surveys (Spear et al. 1995). The dashed line is a typical flight path from a 
 satellite-tracked Maui bird during the breeding season (Adams and Flora 2009). These two regions represent the predomi-
nant areas where Hawaiian Petrels occur. In (a), the blue oval denotes an approximate area where organic matter and 
consumers have unusually high δ15N values within the Hawaiian Petrel’s range (Altabet and Francois 1994, Graham et al. 
2010). In (b), the blue circle surrounding Lanai and Hawaii data points identifies petrels that apparently concentrate their 
foraging in a region with elevated δ15N. In both panels, arrows emphasize the negative relationship between latitude and 
δ13C of marine organisms (Goericke and Fry 1994, MacKenzie et al. 2011). Hatch-year birds from Maui are outlined in red 
to associate them with the Maui flight path. (Reprinted with permission from Wiley et al. 2013.)
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nonbreeding season, when adults apparently for-
aged at significantly lower latitudes.

While adult Hawaiian Petrel feather data shown 
in Figure 6.4 represent the early nonbreeding sea-
son, feather sampling can be designed to reflect 
a wide range of time frames by carefully consid-
ering molt patterns and feather growth rates. For 
example, sampling within a feather can yield data 
reflecting a period of less than 24 hours (Greylag 
Goose, Rohwer et al. 2015), whereas sampling 
multiple remiges can reflect periods separated by 
a full year in some albatross species that take two 
annual molts to replace all of their flight feath-
ers (Edwards and Rohwer 2005). Growth bars 
are a visual testament to a convenient truth about 
feathers: moving from the oldest material at the 
distal tip to the most recently grown material at 
the proximal base, each feather represents a time 
series (Grubb 2006). When feathers are grown in 
sequence, a more extended time line is recorded 
in plumage, and savvy isotope researchers can 
choose their preferred time frame to sample 
within this period of feather growth, whether 
that be days or, in some cases, months to years. 
For example, in adults with sequential remige 
molt, isotope researchers have long recognized 
their ability to study foraging habits throughout 
the period of molt by sampling multiple prima-
ries (Thompson and Furness 1995). More recently, 
Rohwer and Broms (2012) used careful attention 
to a combination of growth bar width and feather 
molt overlap to estimate molt duration. They then 
sampled remiges at equal time intervals for stable 
isotope analysis, producing a very elegant isotopic 
time line from museum specimens.

Isotope researchers often sample a small num-
ber of whole body contour feathers from museum 
specimens: this approach appeals to museum 
curators because it typically has little to no visual 
impact on a study skin and leaves many similar 
feathers for future studies. Body contour feath-
ers can also generate highly useful isotope data, 
if the timing of their growth can be constrained. 
For example, in Marbled Murrelets (Brachyramphus 
marmoratus), brown-tipped breast feathers rep-
resent the pre-breeding period and all-white 
breast feathers represent the post-breeding period 
(Becker and Beissinger 2006).

However, body contour feathers are not ideal 
samples for species in which body contour molt 
is protracted or poorly characterized (e.g., many 
petrels; Warham 1996). In such cases, isotope 

data from contour feathers cannot be ascribed to 
a particular period of the annual cycle. It can also 
be difficult to know the relationship between the 
growth period of multiple body contour feathers, 
outside of qualitative observations based on rela-
tive wear. For example, if a single breast contour 
feather is analyzed for each individual in a study, 
the calendrical time periods sampled for each 
bird may differ. If two contour feathers are ana-
lyzed for each bird, some individuals may be rep-
resented by feathers grown simultaneously, and 
others by feathers grown during different days, 
weeks, or even months. In other words, except in 
cases where different body contour feather types 
(e.g., head versus breast) are clearly molted at dif-
ferent periods, it may be impossible to extend a 
time line beyond that represented by an individ-
ual feather. A wider variety of time periods with 
more precise temporal constraint can generally be 
accessed by sampling flight feathers in birds with 
sequential molt. The drawback is that remiges 
and rectrices are considered precious to museum 
study skins because they have, at most, one equiv-
alent on any given study skin, and therefore must 
be sampled with great care and minimal damage.

Clearly, trade-offs are inherent in the design of 
museum specimen sampling strategies. Researchers 
may navigate these trade-offs by asking two simple 
questions: How can feathers be sampled so as to 
represent the time period of interest, and how can 
impact to a study skin be minimized? Generally, 
the best way to minimize impact to a museum 
skin is to take only the mass required for iso-
tope analysis and, perhaps, for a potential backup 
analysis. Most isotope analyses require very small 
amounts of material (e.g., 1 mg), and, for many 
feathers, this mass can be collected with very little 
visual alteration (see Figure 6.5). Such a sample 
typically represents a few days’ worth of growth, 
when taken from one location on one feather. If a 
researcher desires to study a longer period of time, 
a whole feather can be homogenized, or homog-
enization can be avoided by collecting barbs from 
strategic locations across one or more feathers. For 
example, Wiley et al. (2010) described a sampling 
protocol where barbs taken from near the base, 
middle, and tip of a feather could be combined 
and analyzed as a single sample that accurately rep-
resented the average δ15N, δ13C, and δD values of 
the entire feather (see barb sampling technique, 
Figure 6.5a). A similar philosophy could be used 
to develop minimally destructive protocols that 

D
ow

nl
oa

de
d 

by
 [

Sm
ith

so
ni

an
 I

ns
tit

ut
io

n 
L

ib
ra

ri
es

],
 [

H
el

en
 J

am
es

] 
at

 1
0:

26
 1

1 
O

ct
ob

er
 2

01
7 



101emergIng teChnIqueS for ISotope StudIeS of avIan eCology

represent any number of different time frames 
recorded in the plumage.

Alternatively, a second method of sampling 
remiges (Figure 6.5b,c, base sampling technique) 
yields isotope samples reflecting multiple, non-
overlapping time periods. Here, material for a 
single isotope analysis is taken from the base of 
a primary, and multiple primaries are sampled so 
as to generate repeated measures from an indi-
vidual bird. The resulting isotope data can be 
used to assess the consistency of foraging habits 
and the degree of individual foraging specializa-
tion throughout the period of primary molt. This 
protocol only compromises remiges at the base: a 

region that is not visible on study skins, and is dif-
ficult to access, even with manipulation. Because 
the bases of remiges are often white or nearly 
melanin-free, this protocol limits the potentially 
confounding effect of melanin on carbon isotope 
data. It is also very fast when used on a spread wing 
and therefore applicable to live birds. Importantly, 
both the protocols described in Figure 6.5 require 
great patience and care when used on museum 
specimens, especially when wings are tightly tied, 
but they result in little to no visible alteration of 
the typical study skin.

Ideal sampling strategies will depend greatly 
on the species of interest and the study questions. 

P8 

P5 P1 

P10 

Time 

Isotope
sample 

Isotope
sample 

Barb sampling technique Base sampling technique 

Sample representing
ca. 20 days

Feather
post-sampling

Feather
post-sampling

Sample representing
ca. 23 days

Base sampling technique: feathers sampled 

(a)

(c)

(b)

Figure 6.5. Two minimally destructive feather sampling techniques for museum study skins. (a) The barb sampling tech-
nique pictured produces isotope data reflective of the whole-feather average through strategic sampling of barbs down the 
length of the feather (Wiley et al. 2010). Unequal masses of barbs are taken from three locations along the feather. These 
subsamples are weighted so as to reflect the average distribution of mass found down the length of the feather. (b, c) The 
base sampling technique is less time-intensive and can easily be used for live birds. We recommend using this latter sam-
pling technique on multiple feathers, so as to provide data from throughout the period of remige molt and data that are, 
together, reflective of more than very short periods of time. In (a) and (b), Hawaiian Petrel (Pterodroma sandwichensis) P1 is 
shown (length of vanes = 7 cm). Feathers are disarticulated for visualization purposes only; feathers sampled in museums 
and live birds are left attached to the wing. We estimated the time periods reflected by samples using growth bar width 
and the assumption that one growth bar is formed each day, however, we recognize the possibility that adults may form 
two growth bars per day, as observed in some albatross (Langston and Rohwer 1996).
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We note that the smaller the study species, the 
more destructive isotope sampling protocols will 
be, given the convergence of minimal isotope 
sample mass and feather mass. However, there are 
many avenues through which isotope researchers 
can make their sampling minimally destructive, 
including by taking small feathers of lesser value, 
by sampling small, noncritical portions of feath-
ers, or by taking very small samples from a variety 
of locations. We recommend that all isotope users 
strive for the most minimally invasive protocols 
possible, when sampling museum specimens. 
Such a practice will increase the palatability of iso-
tope sampling requests to museum curators and 
preserve valuable material for future study, includ-
ing increasingly sophisticated isotope research.

ChallengeS and reCommendatIonS 
for future muSeum ColleCtIonS 
and ISotope StudIeS

Stable isotope analysis of museum specimens can 
clearly be used to expand our perspective of birds’ 
phenotypes beyond the anatomy of the specimens 
themselves. Although traditional study skins pro-
vide valuable isotope samples, the current state of 
avian museum collections presents several chal-
lenges to the stable isotope researcher. First, it can 
be difficult to obtain sample numbers that are large 
enough to accurately represent a population. Stable 
isotope studies typically focus on aspects of ecol-
ogy that are variable within a population, such as 
dietary tendencies. As a result, isotope users seek 
large sample sizes per population per time period. 
When a researcher wishes to study a species across 
its geographic range or through a series of histori-
cal time periods, to distinguish among sexes or age 
classes, or to leave some portion of a museum col-
lection series untouched by destructive sampling, 
the problem of small sample size can be greatly 
compounded. Of course, this limitation applies not 
only to stable isotope research, but also to many 
types of studies in which individuals cannot be 
treated as equivalents (Bolnick et al. 2003).

Museums will always be limited in the number 
of specimens they can collect and prepare due to 
finite resources and concern for the health of wild 
bird populations. However, increased preserva-
tion of large specimen series from select popu-
lations and species would greatly increase the 
knowledge discernable via stable isotope research 
and other ecological studies. Considering the high 

value of archived museum specimens for isotope 
studies, we call on stable isotope researchers to 
contribute to growth of avian collections by col-
lecting and preparing specimens themselves.

Supplemental, low-cost collections can also 
improve prospects for stable isotope studies. For 
example, the “feather files” maintained by the 
Bird Division of the National Museum of Natural 
History (Washington, DC) preserves bags of 
feathers that are normally discarded during 
preparation of skeletons. These feather collections 
take minutes to create and can be stored by the 
hundreds in the space of a single filing cabinet. 
More ambitiously, Smith et al. (2003) proposed 
widespread and systematic collection of feathers 
from migratory birds, to facilitate the myriad 
studies that use feathers as a sample medium. 
We agree that a concerted effort toward sam-
pling live birds would provide a valuable com-
plement to current, publically available avian 
collections. Indeed, one of the advantages of 
isotope-based methodology is that live birds can 
be sampled with limited impact by removing a 
feather or partial feather, taking a blood sample, 
or clipping a claw. If birds are not sacrificed, the 
same individuals can be sampled through time 
(within and between seasons or years), allow-
ing researchers to construct ecological histo-
ries for individuals, and maybe even records of 
individuals over their entire lives. Such histories 
could be used to address understudied ecological 
topics, such as individual specialization in diet, 
and help to differentiate variation within versus 
between individuals.

In addition to curating samples, museums play 
a critical role in the curation of data. Pauli et al. 
(2015) have made a thoughtful call for large-scale 
archiving of stable isotope data into a so-called 
IsoBank, a stable isotope analog to GenBank. 
This endeavor could require many partners to 
help maintain and to organize metadata, and 
we encourage museums to help take a first step 
toward this important goal. At the very least, 
inclusion of isotope data from museum speci-
mens into IsoBank would increase visibility and 
usefulness of these data.

Another limitation for stable isotope studies 
is the fact that many tissues of interest, such as 
muscle, liver, bone, and blood, are not commonly 
preserved in museum specimens, or else they 
are not preserved with the intention of support-
ing isotope studies. For example, many museums 
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now preserve frozen samples of soft tissue (e.g., 
muscle) for genetic analyses, but curators may be 
reluctant to use those resources to support both 
isotope and genetic sampling. Similarly, prepara-
tion of bird skeletons is labor-intensive, and cura-
tors are understandably reluctant to allow cutting 
of bone shards from these precious specimens for 
isotope analysis. An obvious but potentially costly 
solution is to increase preservation of those tissues 
most commonly used for isotope analysis, espe-
cially tissues with shorter turnover times that are 
most likely to represent the collection locality (e.g., 
liver) and those most amenable to retrospective 
studies (e.g., bone). Just as we now preserve vouch-
ered tissues for genetic studies, we could preserve 
bone, muscle, and liver samples when preparing 
study skins. For specific projects, stable isotope 
researchers can collaborate with museums to col-
lect samples during the preparation of specimens. 
The preparation of skeletons and study skins typi-
cally involves discarding large volumes of material 
that could be gleaned for isotope analysis. Isotope 
researchers’ sampling alongside museum prepara-
tors not only takes the burden of additional curation 
away from museums, it allows increased flexibility 
to choose a range of samples on the part of the iso-
tope researcher. Salvaging of otherwise discarded 
tissues is also a means of “extending” a museum 
specimen (Chapter 1, this volume), as it potentially 
increases the value of specimens through the pro-
duction of associated ecological data.

Finally, we note that, although feathers are 
the most accessible and commonly used tissue 
in isotope studies involving museum speci-
mens, feather sampling decisions can be com-
plex, especially when knowledge of molt is 
incomplete. Future molt studies will clearly 
benefit isotope research by clarifying the time 
periods reflected in plumage. Isotope studies 
may, themselves, contribute to this knowledge 
of molt (Hobson et al. 2000, Neto et al. 2006). 
Similarly, continued study of isotope variation 
within the plumage of individual birds will be 
important to document the effects of nontarget 
variables (e.g., melanin concentration) on iso-
tope data and to encourage adoption of ideal 
sampling strategies.

ConCluSIonS

Stable isotope analysis is, and will continue to 
be, a powerful technique for the study of avian 

ecology and physiology. In an era of human 
impact on bird populations across the globe, sta-
ble isotope analysis of museum specimens may 
be an increasingly important means of under-
standing the nature and magnitude of anthropo-
genic change, as well as determining how best 
to protect dwindling bird populations. Especially 
when coupled with the broad taxonomic, spa-
tial, and temporal range represented in museum 
collections, stable isotope analysis can increase 
our knowledge of changing prey bases and shift-
ing habitat use, as well as provide information 
on basic dietary and migratory patterns that is 
essential for conservation decisions. To encour-
age such research outcomes, stable isotope users 
and museums should work toward goals of min-
imally destructive sampling and increased sam-
ple availability. If met, these goals will increase 
the material available to future generations of 
isotope studies, whose particular methods and 
questions are as yet unknown, but whose find-
ings may be critical to our understanding of 
avian biology.

aCKnoWledgmentS

A large number of museum curators and  collections 
managers have provided samples and assisted 
in the development of sampling techniques 
described in this chapter. Without their dedica-
tion, commitment, and foresight,  current and 
future projects would not be possible. Thus, we 
would like to thank all institutions that house 
important avian collections and especially those 
that have been important to us,  including the 
National Museum of Natural History, the Bernice 
Bishop Pauahi Bishop Museum, the Burke 
Museum of Natural History and Culture, and the 
Natural History Museum of Los Angeles County. 
We also thank S. Rossman, M. Webster, and an 
anonymous reviewer for helpful comments on 
our manuscript. Funding for research on the 
Hawaiian Petrel was provided by the National 
Science Foundation (Division of Environmental 
Biology-0745604).

lIterature CIted

Adams, J., and S. Flora. 2010. Correlating seabird 
movements with ocean winds: linking satel-
lite telemetry with ocean scatterometry. Marine 
Biology 157:915–929.

D
ow

nl
oa

de
d 

by
 [

Sm
ith

so
ni

an
 I

ns
tit

ut
io

n 
L

ib
ra

ri
es

],
 [

H
el

en
 J

am
es

] 
at

 1
0:

26
 1

1 
O

ct
ob

er
 2

01
7 



104 StudieS in AviAn Biology no. 50 Webster

Altabet, M. A., and R. Francois. 1994. Sedimentary 
nitrogen isotopic ratio as a recorder for surface 
ocean nitrate utilization. Global Biogeochemical 
Cycles 8:103–116.

Ambrose, S. H. 1991. Effects of diet, climate and phys-
iology on nitrogen isotope abundances in terres-
trial foodwebs. Journal of Archaeological Science 
18:293–317.

Barrow, L. M., K. A. Bjorndal, and K. J. Reich. 2008. 
Effects of preservation method on stable carbon 
and nitrogen isotope values. Physiological and 
Biochemical Zoology 81:688–693.

Bearhop, S., W. Fiedler, R. W. Furness, S. C. Votier, S. 
Waldron, J. Newton, G. J. Bowen, P. Berthold, and 
K. Farnsworth. 2005. Assortative mating as a mech-
anism for rapid evolution of a migratory divide. 
Science 310:502–504.

Bearhop, S., R. W. Furness, G. M. Hilton, S. C. Votier, 
and S. Waldron. 2003. A forensic approach to 
understanding diet and habitat use from stable iso-
tope analysis of (avian) claw material. Functional 
Ecology 17:270–275.

Bearhop, S., G. M. Hilton, S. C. Votier, and S. Waldron. 
2004. Stable isotope ratios indicate that body con-
dition in migrating passerines is influenced by 
winter habitat. Proceedings of the Royal Society B 
271:S215–S218.

Bearhop, S., R. A. Phillips, D. R. Thompson, S. 
Waldron, and R. W. Furness. 2000. Variability in 
mercury concentrations of Great Skuas (Catharacta 
Skua): the influence of colony, diet and trophic sta-
tus inferred from stable isotope signatures. Marine 
Ecology Progress Series 195:261–268.

Bearhop, S., S. Waldron, S. C. Votier, and R. W. Furness. 
2002. Factors that influence assimilation rates and 
fractionation of nitrogen and carbon stable iso-
topes in avian blood and feathers. Physiological and 
Biochemical Zoology 75:451–458.

Beaudoin, C. P., E. E. Prepas, W. M. Tonn, L. I. Wassenaar, 
and B. G. Kotak. 2001. A stable carbon and nitrogen 
isotope study of lake food webs in Canada’s boreal 
plain. Freshwater Biology 46:465–477.

Becker, B. H., and S. R. Beissinger. 2006. Centennial 
decline in the trophic level of an endangered sea-
bird after fisheries decline. Conservation Biology 
20:470–479.

Blight, L. K., K. A. Hobson, T. K. Kyser, and P. Arcese. 
2014. Changing gull diet in a changing world: a 
150-year stable isotope (δ13C, δ15N) record from 
feathers collected in the Pacific Northwest of North 
America. Global Change Biology 21:1497–1507.

Boecklen, W. J., C. T. Yarnes, B. A. Cook, and A. C. 
James. 2011. On the use of stable isotopes in trophic 
ecology. Annual Review of Ecology, Evolution, and 
Systematics 42:411–440.

Bolnick, D. I., R. Svanbäck, J. A. Fordyce, L. H. Yang, 
J. M. Davis, C. D. Hulsey, and M. L. Forister. 2003. 
The ecology of individuals: incidence and impli-
cations of individual specialization. American 
Naturalist 161:1–28.

Braune, B. M., G. M. Donaldson, and K. A. Hobson 
2002. Contaminant residues in seabird eggs from 
the Canadian Arctic. II. Spatial trends and evidence 
from stable isotopes for intercolony differences. 
Environmental Pollution 117:133–145.

Braune, B. M., K. A. Hobson, and B. J. Malone. 
2005. Regional differences in collagen stable iso-
tope and tissue trace element profiles in popu-
lations of Long-tailed Duck breeding in the 
Canadian arctic. Science of the Total Environment 
346:156–168.

Chamberlain, C. P., J. D. Blum, R. T. Holmes, X. Feng, 
T. W. Sherry, and G. R. Graves. 1997. The use of iso-
tope tracers for identifying populations of migra-
tory birds. Oecologia 109:132–141.

Chamberlain, C. P., J. R. Waldbauer, K. Fox-Dobbs, S. D. 
Newsome, P. L. Koch, D. R. Smith, M. E. Church, S. 
D. Chamerblain, K. J. Sorenson, and R. Risebrough. 
2005. Pleistocene to recent dietary shifts in 
California condors. Proceedings of the National 
Academy of Sciences USA 102:16707–16711.

Cherel, Y., and K. Hobson. 2007. Geographical varia-
tion in carbon stable isotope signatures of marine 
predators: a tool to investigate their foraging areas 
in the Southern Ocean. Marine Ecology Progress 
Series 329:281–287.

Cherel, Y., K. A. Hobson, and S. Hassani. 2005. Isotopic 
discrimination between food and blood and feath-
ers of captive penguins: implications for dietary 
studies in the wild. Physiological and Biochemical 
Zoology 78:106–115.

Cherel, Y., K. A. Hobson, and H. Weimerskirch. 2000. 
Using stable-isotope analysis of feathers to distin-
guish moulting and breeding origins of seabirds. 
Oecologia 122:155–162.

Cherel, Y., R. A. Phillips, K. A. Hobson, and R. McGill. 
2006. Stable isotope evidence of diverse species-
specific and individual wintering strategies in sea-
birds. Biology Letters 2:301–303.

Chikaraishi, Y., N. O. Ogawa, Y. Kashiyama, Y. Takano, 
H. Suga, A. Tomitani, H. Miyashita, H. Kitazato, 
and N. Ohkouchi. 2009. Determination of aquatic 

D
ow

nl
oa

de
d 

by
 [

Sm
ith

so
ni

an
 I

ns
tit

ut
io

n 
L

ib
ra

ri
es

],
 [

H
el

en
 J

am
es

] 
at

 1
0:

26
 1

1 
O

ct
ob

er
 2

01
7 



105emergIng teChnIqueS for ISotope StudIeS of avIan eCology

food-web structure based on compound-specific 
nitrogen isotopic composition of amino acids. 
Limnology and Oceanography: Methods 7:740–750.

Choy, C. A., P. C. Davison, J. C. Drazen, A. Flynn, E. J. 
Gier, J. C. Hoffman, J. P. McClain-Counts, T.  W. 
Miller, B. N. Popp, S. W. Ross, and T. T. Sutton. 
2012. Global trophic position comparison of two 
dominant mesopelagic fish families (Myctophidae, 
Stomiidae) using amino acid nitrogen isotopic 
analyses. PLoS One 7:e50133

Clarke, S. J., G. H. Miller, M. L. Fogel, A. R. Chivas, 
and C. V. Murray-Wallace. 2006. The amino acid 
and stable isotope biogeochemistry of elephant bird 
(Aepyornis) eggshells from southern Madagascar. 
Quaternary Science Reviews 25:2343–2356.

Coplen, T. B. 1994. Reporting of stable hydrogen, 
carbon, and oxygen isotopic abundances. Pure and 
Applied Chemistry 66:273–276.

Coplen, T. B., C. Kendall, and J. Hopple. 1983. 
Comparison of stable isotope reference samples. 
Nature 302:236–238.

Coulton, D. W., R. G. Clark, and C. E. Hebert. 2010. 
Determining natal origins of birds using stable 
isotopes (δ34S, δD, δ15N, δ13C): model validation 
and spatial resolution for mid-continent Mallards. 
Waterbirds 33:10–21.

Dalerum, F., and A. Angerbjörn. 2005. Resolving tem-
poral variation in vertebrate diets using naturally 
occurring stable isotopes. Oecologia 144:647–658.

del Rio, M. C., N. Wolf, S. A. Carleton, and L. Z. 
Gannes. 2009. Isotopic ecology ten years after a 
call for more laboratory experiments. Biological 
Reviews of the Cambridge Philosophical Society 
84:91–111.

Devink, J., S. M. Slattery, R. G. Clark, R. T. Alisauskas, 
and K. A. Hobson 2011. Combining stable-isotope 
and body-composition analyses to assess nutrient-
allocation strategies in breeding White-winged 
Scoters (Melanitta Fusca). Auk 128:166–174.

Edwards, A. E., and S. Rohwer. 2005. Large-scale pat-
terns of molt activation in the flight feathers of two 
albatross species. Condor 107:835–848.

Emslie, S. D., and W. P. Patterson. 2007. Abrupt recent 
shift in δ13C and δ15N values in Adélie Penguin 
eggshell in Antarctica. Proceedings of the National 
Academy of Sciences USA 104:11666–11669.

Farmer, R. G., and M. L. Leonard. 2011. Long-term 
feeding ecology of Great Black-backed Gulls (Larus 
marinus) in the northwest Atlantic: 110 years of 
feather isotope data. Canadian Journal of Zoology 
89:123–133.

Federer, R. N., T. E. Hollmén, D. Esler, M. J. 
Wooller, and S. W. Wang. 2010. Stable carbon and 
nitrogen isotope discrimination factors from diet 
to blood plasma, cellular blood, feathers, and adi-
pose tissue fatty acids in Spectacled Eiders (Somateria 
fischeri). Canadian Journal of Zoology 88: 866–874.

Fox, A. D., K. A. Hobson, and J. Kahlert. 2009. Isotopic 
evidence for endogenous protein contributions to 
Greylag Goose Anser anser flight feathers. Journal of 
Avian Biology 40:108–112.

Fry, B. 2006. Stable isotope ecology. Springer, New 
York, NY.

Gloutney, M. L., and K. A. Hobson. 1998. Field preser-
vation techniques for the analysis of stable-carbon 
and nitrogen isotope ratios in eggs. Journal of Field 
Ornithology 69:223–227.

Goericke, R., and B. Fry. 1994. Variation of marine 
plankton δ13C with latitude, temperature, and dis-
solved CO2 in the world ocean. Global Biogeochemical 
Cycles 8:85–90.

González-Solís, J., M. Smyrli, T. Militão, D. Gremillet, 
T. Tveraa, R. A. Phillips, and T. Boulinier. 2011. 
Combining stable isotope analyses and geoloca-
tion to reveal kittiwake migration. Marine Ecology 
Progress Series 435:251–261.

Graham, B. S., P. L. Koch, S. D. Newsome, K. W. 
McMahon, and D. Aurioles. 2010. Using isoscapes 
to trace the movements and foraging behavior of 
top predators in oceanic ecosystems. Pp. 299–318 
in J. B. West, G. J. Bowen, T. E. Dawson, and K. P. 
Tu (editors), Isoscapes: understanding movement, 
pattern, and process on Earth through isotope map-
ping. Springer, Dordrecht, Netherlands.

Graves, G. R., S. D. Newsome, D. E. Willard, D. A. 
Grosshuesch, W. W. Wurzel, and M. L. Fogel. 
2012. Nutritional stress and body condition in the 
Great Gray Owl (Strix nebulosa) during winter irrup-
tive migrations. Canadian Journal of Zoology 90: 
787–797.

Grecian, W. J., R. A. McGill, R. A. Phillips, P. G. Ryan, 
and R. W. Furness. 2015. Quantifying variation in 
δ13C and δ15N isotopes within and between feath-
ers and individuals: is one sample enough? Marine 
Biology 162:733–741.

Greenberg, R., P. P. Marra, and M. J. Wooller. 2007. 
Stable-isotope (C, N, H) analyses help locate the 
winter range of the Coastal Plain Swamp Sparrow 
(Melospiza georgiana nigrescens). Auk 124:1137–1148.

Grubb, T. C., Jr. 2006. Ptilochronology: feather time 
and the biology of birds. Oxford University Press, 
Oxford, UK.

D
ow

nl
oa

de
d 

by
 [

Sm
ith

so
ni

an
 I

ns
tit

ut
io

n 
L

ib
ra

ri
es

],
 [

H
el

en
 J

am
es

] 
at

 1
0:

26
 1

1 
O

ct
ob

er
 2

01
7 



106 StudieS in AviAn Biology no. 50 Webster

Gunnarsson, T. G., J. A. Gill, J. Newton, P. M. Potts, 
and W. J. Sutherland. 2005. Seasonal match-
ing of habitat quality and fitness in a migra-
tory bird. Proceedings of the Royal Society B 
272:2319–2323.

Hebert, C. E., J. Chao, D. Crump, T. B. Johnson, 
M. D. Rudy, E. Sverko, K. Williams, D. Zaruk, and 
M. T. Arts. 2014. Ecological tracers track changes 
in bird diets and possible routes of exposure to 
type E Botulism. Journal of Great Lakes Research 
40:64–70.

Hebert, C. E., and L. I. Wassenaar. 2001. Stable nitro-
gen isotopes in waterfowl feathers reflect agricul-
tural land use in western Canada. Environmental 
Science and Technology 35:3482–3487.

Hebert, C. E., and L. I. Wassenaar. 2005. Feather stable 
isotopes in western North America waterfowl: spa-
tial patterns, underlying factors, and management 
applications. Wildlife Society Bulletin 33:92–102.

Hebert, C. E., D. V. Weseloh, A. Idrissi, M. T. Arts, R. 
O’Gorman, O. T. Gorman, B. Locke, C. P. Madenjian, 
and E. F. Roseman. 2008. Restoring piscivorous fish 
populations in the Laurentian Great Lakes causes 
seabird dietary change. Ecology 89:891–897.

Hedd, A., W. A. Montevecchi, H. Otley, R. A. Phillips, 
and D. A. Fifield. 2012. Trans-equatorial migra-
tion and habitat use by Sooty Shearwaters Puffinus 
griseus from the South Atlantic during the non-
breeding season. Marine Ecology Progress Series 
449:277–290.

Hedges, R. E., J. G. Clement, C. D. L. Thomas, and 
T. C. O’Connell. 2007. Collagen turnover in the 
adult femoral mid-shaft: modeled from anthropo-
genic radiocarbon tracer measurements. American 
Journal of Physical Anthropology 133:808–816.

Hobson, K. A. 1987. Use of stable-carbon isotope 
analysis to estimate marine and terrestrial protein 
content in gull diets. Canadian Journal of Zoology 
65:1210–1213.

Hobson, K. A. 1999. Tracing origins and migration of 
widlife using stable isotopes: a review. Oecologia 
120:314–326.

Hobson, K. A., and F. Bairlein. 2003. Isotopic frac-
tionation and turnover in captive Garden Warblers 
(Sylvia borin): implications for delineating dietary 
and migratory associations in wild passerines. 
Canadian Journal of Zoology 81:1630–1635.

Hobson, K. A., G. J. Bowen, L. I. Wassenaar, Y. Ferrand, 
and H. Lormee. 2004. Using stable hydrogen and 
oxygen isotope measurements of feathers to infer 
geographical origins of migrating European birds. 
Oecologia 141:477–488.

Hobson, K. A., R. B. Brua, W. L. Hohman, and L. I. 
Wassenaar. 2000. Low frequency of “double molt” 
of remiges in Ruddy Ducks revealed by stable iso-
topes: implications for tracking migratory water-
fowl. Auk 117:129–135.

Hobson, K. A., and R. G. Clark. 1992a. Assessing avian 
diets using stable isotopes I: turnover of 13C in tis-
sues. Condor 94:181–188.

Hobson, K. A., and R. G. Clark. 1992b. Assessing avian 
diets using stable isotopes II: factors influencing 
diet-tissue fractionation. Condor 94:189–197.

Hobson, K. A., A. Fisk, N. Karnovsky, M. Holst, 
J.  Gagnon, and M. Fortier. 2002. A stable isotope 
(δ13C, δ15N) model for the north water food web: 
implications for evaluating trophodynamics and 
the flow of energy and contaminants. Deep Sea 
Research II 49:5131–5150.

Hobson, K. A., K. D. Hughes, and P. J. Ewins. 1997. 
Using stable-isotope analysis to identify endog-
enous and exogenous sources of nutrients in eggs 
of migratory birds: applications to Great Lakes con-
taminants research. Auk 114:467–478.

Hobson, K. A., K. P. McFarland, L. I. Wassenaar, C. C. 
Rimmer, and J. E. Goetz. 2001. Linking breeding 
and wintering grounds of Bicknell’s Thrushes using 
stable isotope analyses of feathers. Auk 118:16–23.

Hobson, K. A., and W. A. Montevecchi. 1991. Stable 
isotopic determinations of trophic relationships of 
Great Auks. Oecologia 87:528–531.

Hobson, K. A., J. F. Piatt, and J. Pitocchelli. 1994. Using 
stable isotopes to determine seabird trophic rela-
tionships. Journal of Animal Ecology 63:786–798.

Hobson, K. A., and S. G. Sealy. 1991. Marine protein 
contributions to the diet of Northern Saw-Whet 
Owls on the Queen Charlotte Islands: a stable-iso-
tope approach. Auk 108:437–440.

Hobson, K. A., and L. I. Wassenaar. 1997. Linking 
breeding and wintering grounds of neotropical 
migrant songbirds using stable hydrogen isotopic 
analysis of feathers. Oecologia 109:142–148.

Inger, R., and S. Bearhop. 2008. Applications of stable 
isotope analyses to avian ecology. Ibis 150:447–461.

Jackson, A. L., R. Inger, A. C. Parnell, and S. Bearhop. 
2011. Comparing isotopic niche widths among and 
within communities: SIBER—stable isotope bayesian 
ellipses in R. Journal of Animal Ecology 80:595–602.

Jaeger, A., V. J. Lecomte, H. Weimerskirch, P. Richard, 
and Y. Cherel. 2010. Seabird satellite tracking 
validates the use of latitudinal isoscapes to depict 
predators’ foraging areas in the Southern Ocean. 
Rapid Communications in Mass Spectrometry 24: 
3456–3460.

D
ow

nl
oa

de
d 

by
 [

Sm
ith

so
ni

an
 I

ns
tit

ut
io

n 
L

ib
ra

ri
es

],
 [

H
el

en
 J

am
es

] 
at

 1
0:

26
 1

1 
O

ct
ob

er
 2

01
7 



107emergIng teChnIqueS for ISotope StudIeS of avIan eCology

Kaehler, S., and E. A. Pakhomov. 2001. Effects of stor-
age and preservation on the delta-13C and delta-15N 
signatures of selected marine organisms. Marine 
Ecology Progress Series 219:299–304.

Kelly, B., J. B. Dempson, and M. Power. 2006. The 
effects of preservation on fish tissue stable isotope 
signatures. Journal of Fish Biology 69:1595–1611.

Kelly, J. F. 2000. Stable isotopes of carbon and nitro-
gen in the study of avian and mammalian trophic 
ecology. Canadian Journal of Zoology 78:1–27.

Kelly, J. F., V. Atudorei, Z. D. Sharp, and D. M. Finch. 
2002. Insights into Wilson’s Warbler migration 
from analyses of hydrogen stable-isotope ratios. 
Oecologia 130:216–221.

Klaassen, M., Å. Lindström, H. Meltofte, and T. 
Piersma. 2001. Ornithology: arctic waders are not 
capital breeders. Nature 413:794.

Knoche, M. J., A. N. Powell, L. T. Quakenbush, M. J. 
Wooller, and L. M. Phillips. 2007. Further evidence 
for site fidelity to wing molt locations by King 
Eiders: integrating stable isotope analyses and satel-
lite telemetry. Waterbirds 30:52–57.

Kouwenberg, A., J. M. Hipfner, D. W. McKay, and A. E. 
Storey. 2013. Corticosterone and stable isotopes in 
feathers predict egg size in Atlantic puffins Fratercula 
arctica. Ibis 155:413–418.

Langston, N. E., and S. Rohwer. 1996. Molt-breeding 
tradeoffs in albatrosses: life history implications for 
big birds. Oikos 76:498–510.

Lorrain, A., B. Graham, F. Ménard, B. Popp, S. Bouillon, 
P. Van Breugel, and Y. Cherel. 2009. Nitrogen and car-
bon isotope values of individual amino acids: a tool to 
study foraging ecology of penguins in the Southern 
Ocean. Marine Ecology Progress Series 391:293–306.

Lott, C. A., T. D. Meehan, and J. A. Heath. 2003. Estimating 
the latitudinal origins of migratory birds using hydro-
gen and sulfur stable isotopes in feathers: influence of 
marine prey base. Oecologia 134:505–510.

MacKenzie, K. M., M. R. Palmer, A. Moore, A. T. 
Ibbotson, W. R. C. Beaumont, D. J. S. Poulter, and 
C. N. Trueman. [online]. 2011. Locations of marine 
animals revealed by carbon isotopes. Scientific 
Reports 1. doi:10.1038/srep00021. <http://www 
.nature.com/articles/srep00021>.

Marra, P. P., K. A. Hobson, and R. T. Holmes. 1998. 
Linking winter and summer events in a migra-
tory bird by using stable-carbon isotopes. Science 
282:1884–1886.

Marra, P. P., and R. T. Holmes. 2001. Consequences 
of dominance-mediated habitat segregation in 
American Redstarts during the nonbreeding sea-
son. Auk 118:92–104.

Marshall, J. D., J. R. Brooks, and K. Lajtha. 2007. 
Sources of variation in the stable isotopic compo-
sition of plants. Pp. 22–60 in R. Michener and K. 
Lajtha (editors), Stable isotopes in ecology and 
environmental science. Blackwell Publishing Ltd., 
Oxford, UK.

Mcclelland, J. W., and J. P. Montoya. 2002. Trophic 
relationships and the nitrogen isotopic com-
position of amino acids in plankton. Ecology 
83:2173–2180.

McCullagh, J. S. O., J. A. Tripp, and R. E. M. Hedges. 
2005. Carbon isotope analysis of bulk keratin 
and single amino acids from British and North 
American hair. Rapid Communications in Mass 
Spectrometry 19:3227–3231.

McKechnie, A. E., B. O. Wolf, and C. M. del Rio. 
2004. Deuterium stable isotope ratios as tracers of 
water resource use: an experimental test with Rock 
Doves. Oecologia 140:191–200.

McMahon, K. W., M. J. Polito, S. Abel, M. D. McCarthy, 
and S. R. Thorrold. 2015. Carbon and nitrogen 
isotope fractionation of amino acids in an avian 
marine predator, the Gentoo Penguin (Pygoscelis 
Papua). Ecology and Evolution 5:1278–1290.

Meckstroth, A. M., A. K. Miles, and S. Chandra. 2007. 
Diets of introduced predators using stable iso-
topes and stomach contents. Journal of Wildlife 
Management 71:2387–2392.

Michalik, A., R. A. R. McGill, R. W. Furness, T. Eggers, 
H. J. Van Noordwijk, and P. Quillfeldt. 2010. Black 
and white—does melanin change the bulk car-
bon and nitrogen isotope values of feathers? 
Rapid Communications in Mass Spectrometry 
24:875–878.

Michener, R. H., and L. Kaufman. 2007. Stable isotope 
ratios as tracers in marine foodwebs: an update. 
Pp. 238–282 in R. Michener and K. Lajtha (editors), 
Stable isotopes in ecology and environmental sci-
ence. Blackwell Publishing Ltd., Oxford, UK.

Minagawa, M., and E. Wada. 1984. Stepwise enrich-
ment of 15N along food chains: further evidence 
and the relation between δ15N and animal age. 
Geochimica et Cosmochimica Acta 48: 1135–1140.

Moore, J. W., and B. X. Semmens. 2008. Incorporat-
ing uncertainty and prior information into sta-
ble isotope mixing models. Ecology Letters 11: 
470–480.

Moreno, R., L. Jover, I. Munilla, A. Velando, and C. 
Sanpera. 2010. A three-isotope approach to dis-
entangling the diet of a generalist consumer: the 
Yellow-legged Gull in northwest Spain. Marine 
Biology 157:545–553.

D
ow

nl
oa

de
d 

by
 [

Sm
ith

so
ni

an
 I

ns
tit

ut
io

n 
L

ib
ra

ri
es

],
 [

H
el

en
 J

am
es

] 
at

 1
0:

26
 1

1 
O

ct
ob

er
 2

01
7 

http://www.nature.com
http://www.nature.com


108 StudieS in AviAn Biology no. 50 Webster

Neto, J. M., J. Newton, A. G. Gosler, and C. M. Perrins. 
2006. Using stable isotope analysis to determine 
the winter moult extent in migratory birds: the 
complex moult of Savi’s warblers Locustella luscinioides. 
Journal of Avian Biology 37:117–124.

Newsome, S. D., M. T. Clementz, and P. L. Koch. 2010. 
Using stable isotope biogeochemistry to study 
marine mammal ecology. Marine Mammal Science 
26:509–572.

Norris, D. R., P. Arcese, D. Preikshot, D. F. Bertram, 
and T. K. Kyser. 2007. Diet reconstruction and his-
toric population dynamics in a threatened seabird. 
Journal of Applied Ecology 44:875–884.

Norris, D. R., and P.P. Marra. 2007. Seasonal interac-
tions, habitat quality, and population dynamics in 
migratory birds. Condor 109:535–547.

Ogden, L. J. E., K. A. Hobson, and D. B. Lank. 2004. 
Blood isotopic (δ13C and δ15N) turnover and diet-
tissue fractionation factors in captive dunlin (Calidris 
alpina pacifica). Auk 121:170–177.

Ostrom, P. H., A. E. Wiley, S. Rossman, C. A. Stricker, 
and H. F. James. 2014. Unexpected hydrogen 
isotope variation in oceanic pelagic seabirds. 
Oecologia 175:1227–1235.

Parnell, A. C., R. Inger, S. Bearhop, and A. L. Jackson. 
2010. Source partitioning using stable isotopes: cop-
ing with too much variation. PLoS One 5:e9672.

Parnell, A. C., D. L. Phillips, S. Bearhop, B. X. Semmens, 
E. J. Ward, J. W. Moore, A. L. Jackson, J. Grey, D. J. 
Kelly, and R. Inger. 2013. Bayesian stable isotope 
mixing models. Environmetrics 24:387–399.

Pauli, J. N., S. A. Steffan, and S. D. Newsome. 2015. It 
is time for IsoBank. BioScience 65:229–230.

Pearson, S. F., D. J. Levey, C. H. Greenberg, and C. M. 
Del Rio. 2003. Effects of elemental composition on 
the incorporation of dietary nitrogen and carbon 
isotopic signatures in an omnivorous songbird. 
Oecologia 135:516–523.

Phillips, D. L., and J. W. Gregg. 2003. Source parti-
tioning using stable isotopes: coping with too 
many sources. Oecologia 136:261–269.

Powell, L. A., and K. A. Hobson. 2006. Enriched feather 
hydrogen isotope values for Wood Thrushes sam-
pled in Georgia, USA, during the breeding season: 
implications for quantifying dispersal. Canadian 
Journal of Zoology 84:1331–1338.

Prevost, Y. V. E. S. 1983. The moult of the Osprey 
Pandion haliaetus. Ardea 71:199–209.

Robbins, C. T., L. A. Felicetti, and M. Sponheimer. 
2005. The effect of dietary protein quality on nitro-
gen isotope discrimination in mammals and birds. 
Oecologia 144:534–540.

Robinson, W. D., M. S. Bowlin, I. Bisson, J. Shamoun-
Baranes, K. Thorup, R. H. Diehl, T. H. Kunz, S. 
Mabey, and D. W. Winkler. 2010. Integrating 
concepts and technologies to advance the study 
of bird migration. Frontiers in Ecology and the 
Environment 8:354–361.

Rocque, D. A., and K. Winker. 2005. Use of bird col-
lection in contaminant and stable-isotope studies. 
Auk 122:990–994.

Rohwer, S., and K. Broms. 2012. Use of feather loss 
intervals to estimate molt duration and to sample 
feather vein at equal time intervals through the pri-
mary replacement. Auk 129:653–659.

Rohwer, S., A. D. Fox, T. Daniel, and J. F. Kelly. 2015. 
Chronologically sampled flight feathers permits 
recognition of individual molt-migrants due to 
varying protein sources. PeerJ 3:e743.

Rohwer, S., R. E. Ricklefs, V. G. Rohwer, and M. M. 
Copple. 2009. Allometry of the duration of flight 
feather molt in birds. PLoS Biology 7:e1000132.

Rubenstein, D. R., and K. A. Hobson. 2004. From 
birds to butterflies: animal movement patterns and 
stable isotopes. Trends in Ecology and Evolution 
19:256–263.

Sarakinos, H. C., M. L. Johnson, and M. J. Vander 
Zanden. 2002. A synthesis of tissue-preservation 
effects on carbon and nitrogen stable isotope sig-
natures. Canadian Journal of Zoology 80:381–387.

Schaffner, F. C., and P. K. Swart. 1991. Influence of 
diet and environmental water on the carbon and 
oxygen isotopic signatures of seabird eggshell car-
bonate. Bulletin of Marine Science 48:23–38.

Schoeninger, M. J., and M. J. DeNiro. 1984. Nitrogen 
and carbon isotopic composition of bone collagen 
from marine and terrestrial animals. Geochimica et 
Cosmochimica Acta 48:625–639.

Sealy, J. C., N. J. Van Der Merwe, J. A. Lee Thorp, and 
J. L. Lanham. 1987. Nitrogen isotopic ecology in 
southern Africa: implications for environmental 
and dietary tracing. Geochimica et Cosmochimica 
Acta 51:2707–2717.

Smith, T. B., P. P. Marra, M. S. Webster, I. Lovette, 
H. L. Gibbs, R. T. Holmes, K. A. Hobson, and S. 
Rohwer. 2003. A call for feather sampling. Auk 
120:218–221.

Spear, L. B., D. G. Ainley, N. Nur, and S. N. G. Howell. 
1995. Population size and factors affecting at-sea 
distributions of four endangered procellariids in 
the tropical Pacific. Condor 97:613–638.

Stapp, P., G. A. Polis, and F. S. Pinero. 1999. Stable iso-
topes reveal strong marine and El Niño effects on 
island food webs. Nature 401:467–469.

D
ow

nl
oa

de
d 

by
 [

Sm
ith

so
ni

an
 I

ns
tit

ut
io

n 
L

ib
ra

ri
es

],
 [

H
el

en
 J

am
es

] 
at

 1
0:

26
 1

1 
O

ct
ob

er
 2

01
7 



109emergIng teChnIqueS for ISotope StudIeS of avIan eCology

Steffan, S. A., Y. Chikaraishi, D. R. Horton, N. 
Ohkouchi, M. E. Singleton, E. Miliczky, D. B. Hogg, 
and V. P. Jones. 2013. Trophic hierarchies illumi-
nated via amino acid isotopic analysis. PLoS One 
8:21–23.

Sweeting, C. J., N. V. C. Polunin, and S. Jennings. 
2004. Tissue and fixative dependent shifts of 
δ13C and δ15N in preserved ecological material. 
Rapid Communications in Mass Spectrometry 
18:2587–2592.

Sydeman, W. J., K. A. Hobson, S. N. Ox, P. Pyle, and 
E. B. Mclaren. 1997. Trophic relationships among 
seabirds in central California: combined stable iso-
tope and conventional dietary approach. Condor 
99:327–336.

Thode, H. G. 1991. Sulphur isotopes in nature and 
the environment: an overview. Pp. 1–21 in H. R. 
Krouse and V. A. Grineko (editors), Stable isotopes 
in the assessment of natural and anthropogenic 
sulphur in the environment. John Wiley & Sons, 
New York, NY. 

Thompson, D. R., and R. W. Furness. 1995. Stable-
isotope ratios of carbon and nitrogen in feath-
ers indicate seasonal dietary shifts in Northern 
Fulmars. Auk 112:493–498.

Thompson, D. R., R. W. Furness, and S. A. Lewis. 
1995. Diets and long-term changes in δ15N and δ13C 
values in Northern Fulmars Fulmarus glacialis from 
two northeast Atlantic colonies. Marine Ecology 
Progress Series. Oldendorf 125:3–11.

Thompson, D. R., R. A. Phillips, F. M. Stewart, and 
S. Waldron. 2000. Low δ13C signatures in pelagic 
seabirds: lipid ingestion as a potential source of 
13C-depleted carbon in the procellariiformes. Marine 
Ecology Progress Series 208:265–271.

Tietje, W. D., and J. G. Teer. 1988. Winter body con-
dition of northern shovelers on freshwater and 
saline habitats. Pp. 353–377 in W. W. Wellter (edi-
tor), Waterfowl in winter. University of Minnesota 
Press, Minneapolis, MN.

Votier, S. C., S. Bearhop, M. J. Witt, R. Inger, D. 
Thompson, and J. Newton. 2010. Individual responses 
of seabirds to commercial fisheries revealed using GPS 

tracking, stable isotopes and vessel monitoring sys-
tems. Journal of Applied Ecology 47:487–497.

Wainright, S. C., J. C. Haney, C. Kerr, A. N. Golovkin, 
and M. V. Flint. 1998. Utilization of nitrogen 
derived from seabird guano by terrestrial and 
marine plants at St. Paul, Pribilof Islands, Bering 
Sea, Alaska. Marine Biology 131:63–71.

Warham, J. 1996. The behaviour, population biol-
ogy and physiology of the Petrels. Academic Press, 
London, UK.

Webster, M. S., P. P. Marra, S. M. Haig, S. Bensch, and 
R. T. Holmes. 2002. Links between worlds: unrav-
eling migratory connectivity. Trends in Ecology 
and Evolution 17:76–83.

West, J. B., G. J. Bowen, T. E. Cerling, and J. R. 
Ehleringer. 2006. Stable isotopes as one of nature’s 
ecological recorders. Trends in Ecology and Evolution 
21:408–414.

Wiley, A. E., P. H. Ostrom, C. A. Stricker, H. F. James, 
and H. Gandhi. 2010. Isotopic characterization of 
flight feathers in two pelagic seabirds: sampling strat-
egies for ecological studies. Condor 112:337–346.

Wiley, A. E., P. H. Ostrom, A. J. Welch, R. C. Fleischer, 
H. Gandhi, J. R. Southon, T. W. Stafford, Jr., J. F. 
Penniman, D. Hu, F. P. Duvall, and H. F. James. 
2013. Millennial-scale isotope records from a wide-
ranging predator show evidence of recent human 
impact to oceanic food webs. Proceedings of the 
National Academy of Sciences USA 110:8972–8977.

Wiley, A. E., A. J. Welch, P. H. Ostrom, H. F. James, 
C. A. Stricker, R. C. Fleischer, H. Gandhi, J. Adams, 
D. G. Ainley, F. Duvall, and N. Holmes. 2012. 
Foraging segregation and genetic divergence 
between geographically proximate colonies of a 
highly mobile seabird. Oecologia 168:119–130.

Wunder, M. B., J. R. Jehl, and C. A. Stricker. 2012. The 
early bird gets the shrimp: confronting assumptions of 
isotopic equilibrium and homogeneity in a wild bird 
population. Journal of Animal Ecology 81:1223–1232.

Wunder, M. B., C. L. Kester, F. L. Knopf, and R. O. Rye. 
2005. A test of geographic assignment using iso-
tope tracers in feathers of known origin. Oecologia 
144:607–617.

D
ow

nl
oa

de
d 

by
 [

Sm
ith

so
ni

an
 I

ns
tit

ut
io

n 
L

ib
ra

ri
es

],
 [

H
el

en
 J

am
es

] 
at

 1
0:

26
 1

1 
O

ct
ob

er
 2

01
7 


	Chapter 6: Emerging Techniques for Isotope Studies of Avian Ecology�
	Stable Isotopes: Basic Theory and Methodology
	Avian Specimens in Stable Isotope Ecology
	Emerging Analytical Techniques
	Potential Confounding Factors and Other Sources of Error
	Strategies for Sampling Museum Specimens
	Challenges and Recommendations for Future Museum Collections and Isotope Studies
	Conclusions
	Acknowledgments
	Literature Cited


