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To understand consumer dietary requirements and resource use across
ecosystems, researchers have employed a variety of methods, including
bulk stable isotope and fatty acid composition analyses. Compound-specific
stable isotope analysis (CSIA) of fatty acids combines both of these tools into
an even more powerful method with the capacity to broaden our understanding of food web ecology and nutritional dynamics. Here, we provide
an overview of the potential that CSIA studies hold and their constraints.
We first review the use of fatty acid CSIA in ecology at the natural abundance level as well as enriched physiological tracers, and highlight the
unique insights that CSIA of fatty acids can provide. Next, we evaluate
methodological best practices when generating and interpreting CSIA
data. We then introduce three cutting-edge methods: hydrogen CSIA of
fatty acids, and fatty acid isotopomer and isotopologue analyses, which
are not yet widely used in ecological studies, but hold the potential to
address some of the limitations of current techniques. Finally, we address
future priorities in the field of CSIA including: generating more data
across a wider range of taxa; lowering costs and increasing laboratory availability; working across disciplinary and methodological boundaries; and
combining approaches to answer macroevolutionary questions.
This article is part of the theme issue ‘The next horizons for lipids as
‘trophic biomarkers’: evidence and significance of consumer modification
of dietary fatty acids’.

1. Introduction

Electronic supplementary material is available
online at https://doi.org/10.6084/m9.figshare.
c.4978301.

Understanding consumer dietary requirements and resources is critical for
understanding the structure of food webs across ecosystems. Researchers
have employed a variety of methods, ranging from gut content investigations
to stable isotope analyses to DNA-metabarcoding, in order to understand
consumer diets [1]. Analysing the stable isotope ratios (e.g. the ratio of 13C to
12
C isotopes) of whole tissues from consumers and their potential resources
is a particularly popular method for reconstructing diet because these analyses
are relatively inexpensive and require minimal sample preparation. Bulk stable
isotope analyses of carbon (δ 13C), nitrogen (δ 15N) and hydrogen (δ 2H), in which
all forms of carbon, nitrogen or hydrogen in a sample are analysed, are commonly used in nutritional studies and food web reconstructions (figure 1a;
[2]). Carbon and hydrogen stable isotope ratios can assess an animal’s diet
sources [3,4], while nitrogen stable isotope values can provide information on
trophic position as well as dietary resources, especially proteins, and nutritional
© 2020 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1. (a) Organic compounds included in bulk versus CSIA and analytical procedures used for different groups of organic compounds, and (b) analytical procedures used in CSIA of different lipid classes. Bulk lipids or fractionated lipids (neutral lipids, glycolipids, phospholipids) can be directly measured with EA-IRMS or
fatty acid and sterols in different fractions can be derivatized and run with GC-C-IRMS. Carotenoids can be first separated with HPLC and then collected fractions can
be run with EA-IRMS. SIP, stable isotope probing; EA, elemental analyzer; HPLC, high-performance liquid chromatography; IRMS, stable isotope ratio mass spectrometry; FA, fatty acids; GC-C, gas chromatography-combustion; NLFA, neutral lipid fatty acids; PLFA, phospholipid fatty acids; TMS, trimethylsilyl ethers; MS/FID,
mass spectrometry/flame ionization detector. (Online version in colour.)
status [5,6]. Thus, by comparing consumer and resource
stable isotope data, researchers can make inferences about
what an animal has consumed.
When reconstructing animal diets in nature, researchers
rely upon differences in the stable isotope values of potential
resource pools to discriminate among resources [7]. For
example, the fate of methane in food webs can be efficiently
traced due to its naturally depleted 13C value [8,9], while 2H
values have been used to trace migration across large geographical scales based upon precipitation gradients [10]. Researchers
can use stable isotope mixing models based upon the isotopic
values of consumer and resource plus empirically derived information on consumer stable isotope fractionation and trophic
discrimination patterns to estimate the contributions of multiple
resources to an animal’s diet [11].
All bulk stable isotope-based diet estimates face two
inherent methodological limits: (i) they require separation
between the stable isotope values of potential resources and
(ii) mixing model estimates have low precision for diets composed of many more potential food resources than the total
number of bulk isotopes used (e.g. more than four isotopically distinct resources in a model based upon δ 13C, δ 15N
and δ 2H). Unfortunately, these conditions are often not met
[11]. Dietary resources frequently have overlapping stable
isotope values, meaning that mixing models may not be
able to discriminate between any potential resources or
may not be able to discriminate between any resources. At
the same time, animals often consume more than the two
to four resources capable of being reliably resolved with
high precision (i.e. without underdetermination), even with
recent Bayesian mixing models (e.g. [12–14]). Consequently,
in order to produce more precise estimates of diet, researchers
are often forced to lump isotopically similar resources

together into a single main resource or are limited to
making inferences about diet at coarser-grain resolutions,
which may obscure quantitatively minor, but nutritionally
important dietary resources.
Fatty acid analyses have emerged as a complementary
or alternative technique to bulk stable isotope analyses for
examining trophic interactions and nutritional constraints.
Numerous studies have used fatty acid composition analyses
descriptively to distinguish between resources with overlapping bulk stable isotope values (e.g. as reviewed in [15]).
Because most organisms contain a great diversity of fatty
acids (up to 70; as reviewed in [15]), resources are less likely
to overlap completely in their lipid composition, allowing
researchers to identify potential dietary items at the species
level. For example, Budge et al. [16] found high interspecific
variation in the fatty acid composition of fish and identified
16 different fish at the species level with high accuracy using
discriminant analysis. Fatty acid composition is also useful
for understanding broader-scale patterns, such as the degree
to which animals consume aquatic or terrestrial resources.
Specifically, several major groups of algae contain omega-3
long-chain polyunsaturated fatty acids (n-3 LC-PUFAs),
while most vascular plants and cyanobacteria only contain
PUFAs with 18 carbon atoms, such as α-linolenic acid (ALA
18:3n-3) or linoleic acid (LIN; 18:2n-6), which are the precursors
to LC-PUFAs [17,18]. Based upon this, Koussoroplis et al. [19]
used the ratio of docosahexaenoic acid (DHA; 22:6n-3) to
LIN to identify mammalian carnivores that varied in their
aquatic resource use. Because a diverse array of animals require
dietary sources of both DHA and eicosapentaenoic acid (EPA;
20:5n-3) (e.g. [20–24]), numerous studies have also used fatty
acid composition analyses to evaluate food quality for consumers. Most notably, researchers have used fatty acid analyses

Phil. Trans. R. Soc. B 375: 20190641

% composition

70

royalsocietypublishing.org/journal/rstb

100

protein
carbohydrate
DNA

(a) Natural abundance studies
Researchers have used natural abundance CSIA in a growing
number of observational and experimental studies. To date,
these studies have largely focused on three main areas:
(i) freshwater, (ii) marine and (iii) soil food webs, but are gradually expanding beyond these focal areas to provide insights into
food webs from additional systems, such as riparian areas.
Across systems, observational compound-specific stable isotope studies have helped enhance our understanding of
consumer diet composition (e.g. [33–37]) and subsidies to consumers (e.g. [38,39]). For example, in their pioneering work,
Murphy & Abrajano [40] demonstrated the potential of using
CSIA to trace carbon flow through aquatic food webs.
More recently, CSIA-based studies have revealed uncoupling
between essential compounds and organic matter transfer,
thus highlighting the nutritional importance of minor food
sources [39,41]. Researchers have also employed natural abundance CSIA in experimental diet manipulation studies across
a variety of systems to examine both trophic ecology (e.g.
[30,42–46]) and nutritional physiology (e.g. [44,47–49]).
One of the advantages of using CSIA is its potential to
reveal isotopic variation at the natural abundance level
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2. Insights from previous studies: what we have
learned

among individual compounds even when variation is not
present at the bulk element scale (e.g. [50]). As in bulk stable
isotope studies, all fatty acid CSIA-based studies require
that the fatty acids of resources have distinctive stable isotope
values (e.g. [51]). Researchers can then use these finescale differences at the natural abundance level to trace the
movement of specific fatty acids or food resources with isotopically distinctive fatty acids. For example, Budge et al. [34] found
that arctic marine consumers had isotopic values that were
generally intermediate between the distinctive δ 13C values
for 16:4n-1 and EPA (20:5n-3) of ice algae and pelagic phytoplankton. Although previous studies have generally used
CSIA to estimate consumer reliance on two potential food
sources (but see [52]), CSIA theoretically offers the advantage
of being able to discriminate between a far greater array of
potential resources (nfatty acids+1) with high precision.
CSIA can be performed on total fatty acids or on fatty
acids from specific lipid classes like phospholipids ( polar)
or neutral lipids (figure 1). Phospholipids are structural membrane-bound lipids within cells while neutral lipids, such as
triacylglycerols, represent stored fats. CSIA of these individual lipid classes may particularly advance our current
understanding of fatty acid metabolism in consumers. For
example, changes in stable isotope values of FA in neutral
or polar lipids in consumers relative to their dietary fatty
acid stable isotope composition can indicate how storage or
structural fatty acids, respectively, are modified within consumers (e.g. [30,53,54]). Neutral lipids show diet-based shifts in
fatty acid sources faster than phospholipids (e.g. [41,53,55]).
In addition, because phospholipids are used to maintain membrane fluidity, their composition can reflect regulation in
response to environmental factors like temperature, while neutral lipids reflect stored dietary lipids and are thus preferred for
examining trophic structure (e.g. [56]). The limited number of
studies that have included isotopic composition data on multiple lipid fractions (i.e. neutral and polar lipids) found that
for consumers of a given species fed the same diet, lipid fractions showed similar long-term overall patterns (e.g. [30,54]),
suggesting that total fatty acids alone may potentially provide
an accurate representation of overall diet and metabolic
processes. However, additional research is needed before
researchers can assume that these findings are representative
for consumers generally.
Phospholipid fatty acids (PLFA) have proved particularly
useful for identifying microbial (i.e. bacteria, fungi, algae)
populations based upon patterns generated through the biogeochemical processes that different microbes are involved
with (e.g. [57]). For example, compound-specific analysis of
PLFA has been used to understand animal diets [51,58–60]
and microbial interactions across both aquatic and terrestrial
ecosystems (e.g. [61–63]). CSIA of PLFA can also serve as a
valuable method for defining substrate use by microbes, providing important insights into biogeochemical processes and
environmental change (e.g. [64,65]). However, interpreting
PLFA results is usually only possible for broad taxonomic
groups, such as gram-positive or gram-negative bacteria,
fungi and phytoplankton at the class level [61,66–68].
While CSIA can be an especially powerful tool for studies
of trophic ecology, it is critical that researchers understand
lipid metabolism and isotopic turnover within their consumers
of interest when employing CSIA in trophic ecology [49]. Fatty
acids within consumer tissues are the result of: (i) assimilation
from diet and incorporation directly into tissues as entire
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to argue for the nutritional importance of autochthonous algal
resources over allochthonous terrestrial resources for consumers in aquatic food webs (e.g. [25]).
Compound-specific stable isotope analyses (CSIA;
figure 1a,b), in which researchers determine the stable isotope
values of individual organic compounds, like amino acids
(e.g. [26,27]), sterols (e.g. [28,29]) or fatty acids [30], offer potential solutions to some of the limitations of bulk stable isotope
analyses because even without distinct bulk signals, resources
can contain isotopically distinct compounds. Isotopic separation at the compound-specific level may occur as a result of
differing synthesis pathways or when prey derive or ‘route’
individual compounds from specific dietary sources that
differ from those of the bulk diet [31,32]. Consequently, trophic
interactions that cannot be resolved at the bulk level may be
able to be resolved with CSIA. Using organic compounds
also expands the potential number of resources under consideration if each compound has isotopically distinct values that
allow it to be traced. Finally, CSIA can provide insights into
sources and synthesis pathways for organic compounds.
In our synthesis and review of CSIA of fatty acids, we aim
to provide readers with a broad overview of the promise that
CSIA-based studies hold as well as the reality of their constraints. While CSIA can be used for a wide array of organic
compounds, we focus on CSIA of fatty acids because this technique is particularly well suited as a complement to more
widely used tools like bulk stable isotope and fatty acid composition analyses. We hope that this review will provide readers
with a thorough understanding of what we have learned so
far using CSIA of fatty acids and what readers should be
aware of if they want to use this method in their own research.
CSIA of fatty acids is still a relatively new and underused
method in ecological research, and thus, we hope that this
review piques others’ interests in continuing to explore the
boundaries of CSIA methods and applications.
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Table 1. Common sources and magnitude of isotopic shifts in the 13C/12C ratio of fatty acids between diet and consumers.
source

rationale

Δ 13C (‰)

reference

de novo

fractionation by pyruvate dehydrogenase, carbon from various

−6–8‰

DeNiro & Epstein [70]

synthesis
relative markers

dietary pools
fatty acid pool consists of dietary and synthesized molecules

±2.3–3.0‰

Chamberlain et al. [28]

absolute markers
chain elongation

species-speciﬁc differences in closely related consumers
fractionation of the catalyst involved, δ 13C value of

± 0.41‰ (n = 30)
δ 13C abundance in entire molecule:

Chamberlain et al. [71]
Menzel et al. [72]

acetyl-CoA
molecules through the process of ‘dietary routing’ [69]; (ii) synthesis from fatty acid precursors (e.g. ALA elongation and
desaturation to EPA) followed by incorporation into tissue;
or (iii) synthesis from carbohydrates in diet through carbohydrate to lipid routing (e.g. conversion of carbohydrates
into 16:0) with or without further modification. Consequently,
the stable isotope values of consumer fatty acids may represent
the values of dietary items directly or those of dietary items
mixed with molecules originating from consumer metabolism,
which are subject to fractionation (table 1). The most common
shifts in the 13C/12C ratio of fatty acids during lipid metabolism
in consumers are presented in table 1. For example, there is
often considerable fractionation and mixing for fatty acids in
which the fatty acid pool consists of both dietary and synthesized molecules, but less for fatty acids taken up directly
from diet [73]. When interpreting compound-specific stable
isotope data, it thus is crucial to understand whether the
fatty acids of interest can be synthesized de novo or from
specific precursors or are strictly essential. For example, as a
result of enzymatic fractionation, fatty acids synthesized de
novo from carbohydrates (e.g. palmitic acid, 16:0) by the
enzyme pyruvate dehydrogenase, which produces the fatty
acid precursor acetyl-CoA, are depleted in 13C and exhibit
6–8‰ lower δ 13C values compared to dietary carbon sources
[70] (table 1). Moreover, the precision of the instrument
(GC-C-IRMS) adds a variation of ±0.54‰ (n = 147; [74]) to
the measured values in both diet and consumer. Qualitative
assignment of trophic links (e.g. feeding strategies) with
CSIA can work well for all fatty acids, whereas quantitative
assessments (e.g. carbon flux rates or fatty acid metabolism)
that include fatty acids originating from consumer metabolism
require a strong 13C label that clearly illuminates the dietary
route of fatty acids (see the section below).

PLFA: 0.1–2.6% NLFA: 0–0.3%
While admittedly limited in scope, the existing experimental natural abundance compound-specific stable isotope
studies can provide insights into how lipid metabolism and
incorporation into tissues vary among fatty acids, among
taxa and among systems and trophic levels. Understanding
all post-ingestive processes is crucial for drawing inferences
about food web interactions in compound-specific stable isotope-based studies just as it is in bulk stable isotope studies
[49,75]. Without an accurate understanding of trophic discrimination factors (TDF) and lipid metabolism, researchers may
draw spurious conclusions about the origins of dietary
resources, including the sources of individual compounds.
For example, differences between diet and consumer tissue
for the saturated fatty acids palmitic acid (16:0) and stearic
acid (18:0) range from −10‰ to over 5‰, even within the
same studies (figure 2; electronic supplementary material,
figure S1). As discussed above, the stable isotope values of
fatty acids in consumers not only reflect processes of ingestion,
digestion and preferential routing, incorporation or excretion,
but can also reflect additional post-digestive processes, including the break-down or synthesis of organic compounds [30].
Consequently, essential fatty acids that consumers must
derive from diet make better trophic markers than those that
can be derived either from diet, dietary precursors, or de
novo synthesis. We, therefore, recommend that researchers
focus upon fatty acids of known dietary origin, especially for
quantitative dietary reconstruction studies.
Many food web studies have assumed that trophic fractionation should be close to negligible for fats for animals that
cannot synthesize them de novo (e.g. [80–82]). However,
experimental studies suggest that even fatty acids like PUFAs
that are often essential for consumers can be subject to trophic
fractionation when being incorporated into lipids in tissue (e.g.
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Figure 2. Mean differences between diet and consumer isotopic values for three fatty acids (18:0, a saturated fatty acid; ALA or 18:3n-3, a shorter-chain n-3 PUFA;
and DHA or 22:6n-3, a long-chain n-3 PUFA) across a diversity of aquatic (blue) and terrestrial (green) taxa. Data sources used: [30,43–45,47,49,71,76–79]; CW
Twining and JR Shipley 2020, unpublished data.
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H-, 13C- and 15N-labelling can be used to trace biogeochemical
processes including hydrogen, carbon and nitrogen cycles
within the laboratory and at the whole ecosystem scale (e.g.
[84,85]). Isotopic labelling to increase differences among
carbon sources followed by CSIA allows researchers to detect
even slight carbon isotopic changes (0.001%) in organic compounds at nanomolar concentrations and to comprehensively
track the fate of fixed carbon from basal producers to upper
trophic levels [61]. By contrast, ordinary quadrupole GC
mass spectrometry (MS) requires a greater than 1% change in
13
C-content [61], while DNA and RNA stable isotope probing
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(b) Experimental labelling studies

(SIP) require 15–20 atom % 13C-labelling, making CSIA over
1000 times more sensitive than GC-MS and 20 000 times
more sensitive than DNA or RNA SIP [86–89].
Combining CSIA with 13C-isotope-labelling experiments
(e.g. 13C-bicarbonate in lakes and streams or free air 13CO2 for
terrestrial primary producers) has allowed researchers to
more precisely trace nutrient cycles, assess food web structure
and understand the transfer of bulk and individual molecules
from diet to consumers [84,85,90–93]. CSIA of PLFA following
labelling has been used to define group-specific primary
production, individual microbial contributions to diet and
microbial carbon cycling (e.g. [79,94–97]). For instance, PLFAbased studies on terrestrial microorganisms [98] have investigated biogeochemical pathways with 13C-labelled substrates
[99,100]. CSIA following 13C-labelling in aquatic systems has
enabled researchers to distinguish among terrestrial,
phytoplankton, biofilm and bacterial carbon sources
[58,59,94,95]. Similarly, studies using CSIA in terrestrial systems
have demonstrated the potential of 13C-labelling to disentangle
complex food webs within the myco-rhizosphere, such as
whether consumers derive carbon from specific soil bacteria
or fungi [101–105]. Given its relative ease and low cost, 13CO2
pulse labelling of primary producers followed by CSIA is a
promising tool for introducing strong 13C signals into food
webs in trophic studies across ecosystems (e.g. [79,84,85]).
At the individual or species level, labelled individual fatty
acids or dietary items can also be used to make inferences
about lipid metabolism. While controlled dietary studies on
various performance metrics can hint at whether or not specific
fatty acids are growth limiting, enriched compound-specific
stable isotope studies are necessary to confirm whether or not
specific fatty acids are strictly essential (i.e. cannot be
synthesized at all from molecular precursors) or physiologically essential (i.e. necessary quantities for survival and
normal functioning cannot be synthesized from molecular precursors available in natural dietary items). By dosing an animal
with an enriched fatty acid in the hundreds of per mil and then
examining the stable isotope values of the given fatty acid (e.g.
ALA) and its potential synthesis products (e.g. EPA and DHA)
and correcting these values based on the stable isotope values
of un-dosed control animals, researchers can trace carbon
sources throughout fatty acid conversion processes like
elongation and desaturation [106]. While biomedical researchers and human nutritionists first developed these methods,
ecologists have since adapted them for use in wild animals in
both laboratory (e.g. [72,107–109]) and natural settings (e.g.
[110]). For example, using δ 13C- and δ 2H-enriched dietary
items, researchers have found that harpacticoid copepods are
capable of converting dietary EPA into DHA [111], while calanoid copepods are unable to synthesize DHA from ALA at rates
necessary for normal growth and reproduction [108,112,113].
Similarly, researchers have used both 13C- and 2H-enriched
ALA to study the ability of juvenile rainbow trout (Oncorhynchus mykiss) to synthesize DHA from ALA [46,107].
An advantage of using highly enriched fatty acids over
those with more modest differences at the natural abundance
level (e.g. from C3 versus C4 plants) is that researchers can
account for very low rates of synthesis that may not be apparent relative to background levels of variance in natural
abundance studies. However, precision is lower for highly
enriched compounds, due to the high variation in 13C-labelling, which can result from organisms with a mix of natural
and 13C-labelled compounds in tissue. In order to minimize
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[30,83]). For example, while the isotopic values of omega-3 and
omega-6 PUFAs show much less variation between diet and
consumer tissues compared to saturated fatty acids (figure 2),
which consumers may either derive from diet or de novo
biosynthesis, differences in the isotopic values of PUFAs
between consumers and their diets can still vary from over −
5 to +5‰ (figure 2), even in the same taxa fed different experimental diets (electronic supplementary material, figure S1).
For example, Lau et al. [43] found that Macrobrachium hainanense shrimp fed higher ALA, lower EPA prey had tissue
ALA values that were approximately −9‰ lower than dietary
ALA, while those fed higher EPA, lower ALA prey had ALA
values that were around +9‰ compared to diet. By contrast,
CW Twining and JR Shipley (2020, unpublished data) and Fujibayashi et al. [45] found that tree swallow (Tachycineta bicolor)
chicks and zebrafish (Danio reno) fed lower ALA, higher EPA
diets had ALA values that were depleted relative to diet,
while those on higher ALA, lower EPA diets had ALA values
that were enriched relative to diet. Overall, current studies
suggest that there is no clear one-size-fits-all TDF-type value
for fatty acids akin to the TDF patterns seen across broad taxonomic groups for bulk stable isotopes.
Based on the current state of knowledge, we echo previous
calls to develop empirically based species- and diet-specific
TDF for use in bulk stable isotope studies and urge researchers
to develop similar estimates of diet to tissue variation for CSIA.
For example, given the limited number of current studies
examining specific lipid classes, empirical studies that compare
fatty acid turnover and incorporation from diet among lipid
classes are particularly needed (e.g. [53]). Due to the large
degree of variation in lipid metabolism even within species,
we also recommend that researchers be conservative in their
interpretation of compound-specific stable isotope data,
especially in the absence of additional supporting evidence
(e.g. substantial differences in the availability of a given fatty
acid between potential resources or empirical evidence that
consumers have limited abilities to synthesize a given fatty
acid). Using generalized TDF-type values across taxa and
making assumptions about synthesis abilities when the nutritional physiology of the consumer is unknown has a high
potential for inaccurate interpretations. Unless researchers
have a thorough empirical knowledge of dietary effects on
compound-specific isotopic values for their individual study
species (e.g. [30,42,44]), applying mixing models to compound-specific data from the field to determine the exact
proportions of individual fatty acids from different resources
is inappropriate. We also urge readers to couple observational CSIA-based studies with experimental studies for their
consumers of interest.

Since the 1990s, CSIA has expanded the range of research questions that can be answered across disciplines through a
combination of gas or liquid chromatography with isotope
ratio MS (e.g. [106]). Because lipids predominantly consist of
carbon, CSIA allows researchers to combine fatty acid and
carbon stable isotope analytical techniques (figure 1). CSIA
of fatty acids is conducted via GC-C-IRMS (figure 1). For
high accuracy (close to absolute value), repeatability (withinrun precision) and reproducibility (between-run precision),
researchers should be aware of several important technical
aspects of these analyses.
First, in order to have high reproducibility with a normal
GC analysis, fatty acid methyl esters (FAME) should be analysed with GC-C-IRMS relatively soon after being extracted
from samples and derivatized. As for any GC analysis, injection mode influences peak size and column phase influences
the peak shape and resolution (e.g. [116,117]), and efficient

4. Emerging techniques: what we are learning
(a) Compound-specific stable isotopes of hydrogen
From a chemical point of view, fatty acids are almost uniquely
composed of carbon and hydrogen. So far, researchers using
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3. Best practices: what you should know

oxidation is therefore crucial for obtaining accurate δ 13C
values of fatty acids. To prevent drift during an analysis, the
oxidation reactor needs to be initially oxidized and given an
oxygen pulse before each sample (e.g. with Thermo equipment) or a continuous flow of oxygen (e.g. with Elementar
equipment) needs to be used. If repeatability is low, the
length of the oxidation pulse can be lengthened. This is crucial
for DHA, which is close to the last compound in a typical
FAME analysis (i.e. for fatty acids with less than or equal to
24 carbon chain lengths), especially when analysing FAME
with long columns (60 m). If the temperature programme is
very long (greater than 60 min), it can also be beneficial to
have internal standards at the beginning and end of the analysis. Readers looking for additional technical recommendations
for CSIA in general may wish to consult chapter 3 of Jochmann
& Schmidt [118].
Previous studies [60,119] have shown higher variance in the
δ 13C values of fatty acids generated by GC-C-IRMS compared to
bulk δ 13C values generated by EA-IRMS. EA-IRMS accuracy is
routinely 0.2‰, whereas accuracy in GC-C-IRMS is 0.5–1‰
[72,91]. However, precision for individual fatty acids may vary
from 0.4 to 5.4‰ [51]. This high variance can be the result of
technical issues (poor oxidation, carry-over problems or coelution of peaks) or biological differences among replicates.
Quantifying the 13C to 12C ratio in food web studies employing
a strong isotopic label, such as pulse labelling a primary producer with 13CO2 or offering a highly 13C-labelled fatty acid diet to
consumers, makes IRMS analyses particularly difficult. After
the labelled substrate is incorporated into the trophic network,
isotopic analyses are hindered by ‘carry over effects’ of the 13C
signal in key metabolites, which generally achieve heavy enrichment. In practice, this means that if chromatographic peaks are
not baseline separated, the 13C introduced especially by a highly
labelled compound (e.g. 16:0) can feed considerably into the
signal in its close neighbour (e.g. 16:1n-7). To check for this,
researchers can swap the polarity of the column (i.e. from
polar to non-polar or vice versa) or use longer columns to
assess the 13C signal of the key metabolites. If these refinements
do not resolve issues, mass spectrometric analyses via isotopologue profiling may prove to be a more useful form of analysis
(see the section below).
In order to obtain accurate natural abundance values, it is
also crucial that raw δ 13C or δ 2H (see the next section) values
of fatty acids be corrected based upon standards. However,
this currently presents a major challenge for CSIA-based studies
because the International Atomy Energy Association does not
provide GC-C-IRMS standards. Thus, users must either find private supplies of standards (e.g. alkane and fatty acid standards
for δ 13C correction from the University of Indiana) or use
internal FAME standards with a known isotopic composition
determined by EA-IRMS for correction. After data generation,
the raw δ 13C values of natural abundances of fatty acids from
GC-C-IRMS need to be corrected by those of the derivatization
reagent (e.g. methanol) used during fatty acid extraction. For
example, the δ 13C value of FAME need to be corrected for the
methyl group generated during methylation (e.g. [30]).

royalsocietypublishing.org/journal/rstb

variation during labelling, 13C-labelling of over 10% 13C
should typically be avoided and 13C-label pulses should be
repeated until a stable level of label incorporation is achieved.
Alternatively, researchers can use high dose, 99% 13C-label
with GC-MS isotopologue profiling (see ‘Emerging techniques’) to generate more detailed information on consumer
metabolism [72]. Unfortunately, highly enriched fatty acids
are relatively expensive compared to natural abundance dietary items that vary more modestly in the δ 13C values of their
fatty acids. In addition, highly 13C-enriched commercial standards are not readily available. Another inherent
methodological challenge is that in order to calculate exact
rates of conversion of specific compounds to a final product,
it is also necessary to either (i) label only one potential source
compound per individual or (ii) label multiple potential
source compounds with different isotopes. For example, to
determine if a species is capable of synthesizing DHA from
both ALA and EPA, separate individuals must either be
dosed with 13C-enriched ALA or EPA or the same individual
must be dosed with 13C-enriched ALA and 2H-enriched EPA
or vice versa, both of which add to costs.
In spite of these challenges, researchers have gained
uniquely valuable insights into the physiological black boxes
of their study organisms by coupling highly enriched fatty
acid diets with CSIA. For example, although earlier diet
manipulation-based studies demonstrated that certain consumers, such as Daphnia [114,115], have limited abilities to
synthesize EPA and DHA from dietary ALA, combining
fatty acid concentration data with compound-specific stable
isotope data has enabled researchers to calculate conversion
rates with more precise efficiency (e.g. 1% for Daphnia; [91]).
Similarly, although an initial captive diet study suggested
that tree swallow chicks were likely EPA- and DHA-limited
[24], a follow-up 13C-enriched ALA tracer study demonstrated
that tree swallow chick EPA and DHA synthesis from ALA was
indeed insufficient to meet chick demand [110]. Furthermore,
both studies provide strong evidence that ALA, EPA and/or
DHA exhibit limited modification from diet and thus appear
to be reliable markers of diet for these species. We encourage
fellow researchers to use insights about conversion, assimilation and turnover gleaned from experimental diet enrichment
studies like these to inform future natural abundance studies.

(a)

LIN (18:2n-6)

(b)
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Figure 3. Stable isotope ratios of (a) hydrogen (δ 2H) and (b) carbon (δ 13C) of the essential omega-6 fatty acid linoleic acid (LIN) and the essential omega-3 fatty
acid α-linolenic acid (ALA) (MJ Kainz, K Winter, M Pilecky 2020, unpublished data). The mean isotopic difference in δ 2H-LIN and δ 2H-ALA was approximately 40‰
and approximately 20‰ between consumers and submerged terrestrial leaves and algae, respectively; the mean isotopic difference in δ 13C-LIN and δ 13C-ALA was
approximately 6‰ and approximately 5‰ between consumers and submerged terrestrial leaves and algae, respectively, in subalpine Austrian streams.

CSIA have mostly focused on identifying the δ 13C values of
specific fatty acids (discussed above), whereas ecological
research on stable hydrogen isotope ratios (δ 2H or δD) of
fatty acids is still in its infancy. Previous studies using bulk
hydrogen isotopes have demonstrated that 2H values typically
have larger isotopic separation between diet sources and consumers than the more traditional isotopes used in trophic
ecology (i.e. δ 13C or δ 15N) as a result of the greater relative
mass differences associated with such a light isotope (e.g.
[4]). For example, in their classic study, Doucett et al. [120]
found that autochthonous aquatic organic matter was approximately 100‰ more depleted in 2H compared to allochthonous
terrestrial organic matter. Doucett et al. [120] suggested that
such large isotopic differences were likely a result of: (i) algal
fractionation against 2H during photosynthesis; (ii) isotopic
enrichment in terrestrial leaves due to evaporation particularly
in ecosystems with low relative humidity and stomatal conductance; and/or (iii) because lipids are depleted in 2H, the higher
lipid contents in algae compared to terrestrial leaves may cause
more depleted δ 2H values in algae. More recently, Soto et al.
[121] reported isotopic differences in bulk δ 2H of approximately 40‰ between aquatic and terrestrial plants, whereas
differences in δ 13C values for the same samples were only
approximately 2‰. Based on these enormous differences in
δ 2H values between sources, it is tempting to prefer hydrogen
over carbon isotopes to assess the retention of various diet
sources in consumers. However, large differences in bulk
hydrogen isotopes in consumers may also result from changes
in hydrogen isotopes of environmental water that can consequently affect δ 2H values in consumers [4,122], including at
the compound-specific level [123]. For example, Fogel et al.
[123] found that δ 2H values of amino acids in Escherichia coli
grown on different substrates reflected diet for essential
amino acids and environmental water for non-essential or dispensable amino acids. Such risks must be taken into account
when dealing with bulk hydrogen isotopes in trophic ecology
and may be, to some degree, lower when using hydrogen
isotopes of fatty acids.

Hydrogen stable isotopes of fatty acids are still rarely used
as dietary source biomarkers, but hold clear advantages over
more commonly used approaches like carbon stable isotope
analyses of fatty acids. One of the advantages of compoundspecific δ 2H analyses include the irreplaceable H–C bond of
the fatty acyl chain. This means that once an H–C bond is
formed, this link does not exchange and consequently δ 2H
values should remain unchanged because fractionation
occurs with the breaking or formation of bonds. Sessions
et al. [124] reported that such H–C links can be changed over
geologic time scales, but such time frames are less relevant
for questions of current trophic ecology. Because both terrestrial plants and algae are able to synthesize ALA [125,126],
terrestrial plant- or algal-derived ALA isotopic δ 2H values
should remain unchanged during trophic transfer. Consumers
grazing entirely on algae should have the same δ 2H values in
their ALA as algal-ALA because very few consumers can synthesize ALA de novo. The same principle applies to LIN, the
essential omega-6 PUFA, which can be synthesized in both terrestrial plants and algae. Results from recent field studies in
subalpine stream catchments (MJ Kainz, K Winter, M Pilecky
2020, unpublished data) indicate an approximately 20‰ isotopic difference in the δ 2H values of ALA and an approximately
40‰ difference in those of LIN between terrestrial plants and
algae collected in streams (figure 3), which is within the
range of differences reported for bulk hydrogen isotopes
from terrestrial and aquatic sources (see [121]). Assuming no
trophic alternation of ALA or LIN in consumers, these data
suggest that stream macroinvertebrates (here grazers and collectors) mostly rely on algae-derived ALA and LIN because
the δ 2H values of ALA and LIN in the consumers are, on average, very closely related to δ 2H values of these PUFA in algae
(figure 3a). When comparing these δ 2H values with δ 13C
values of ALA and LIN in terrestrial plants and algae
(figure 3b), a much smaller isotopic difference in δ 13C-ALA
and δ 13C-LIN values between terrestrial plants and algae
becomes evident (i.e. approx. 5 and 6‰ isotopic difference,
respectively). In contrast with δ 2H-LIN, δ 13C-LIN values of
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Figure 4. Combinations of possible isotopomers for 13C mass isotopologues of palmitic acid (16:0). The molecule ion (M+) and the mass isotopologues M+1, M+2
and M+16 are presented as examples. The distribution pattern of labelled carbon (13C) is shown using filled circles.
grazers and collectors are between the δ 13C-LIN values of algae
and submerged terrestrial leaves, while the mean δ 13C values
of ALA in these macroinvertebrates are more closely related
to δ 13C-ALA values in algae, as in the case of δ 2H-ALA
values. These initial results suggest that stable hydrogen isotopes for essential PUFA have the potential to provide a
larger isotopic differentiation than carbon isotopes of fatty
acids (see above), but more work is required to better understand changes in δ 2H values of fatty acids between potential
diet sources and consumers.
Hydrogen stable isotopes of fatty acids are not without their
limitations, chief among which are analytical novelty and a lack
of understanding about variation in the δ 2H values of PUFAs
and other fatty acids in organisms at various trophic levels. In
addition, from an analytical point of view, the low atomic
mass of hydrogen provides a challenge for analysis via GChigh temperature conversion-IRMS, in particular when the content of target fatty acids is low [127]. From a physiological point
of view, it is fairly well understood that hydrogen fractionation
occurs during lipid synthesis [128,129], resulting in isotopically
lighter δ 2H values of lipids. However, isotopic variation in the
δ 2H values of PUFAs is not well understood. This is because
any conversion of fatty acids (e.g. from ALA to longer-chain
and/or more unsaturated PUFA) may entail fractionation of
hydrogen isotopes during the addition or removal of constituent
hydrogen within the fatty acyl chain as is the case for carbon (e.g.
[83,130]). For example, little is known about how δ 2H is processed by consumers, such as benthivorous stream fish [131],
that derive DHA from precursor PUFAs rather than diet. The
enzymatic processes required to convert precursors to DHA,
often involving a series of elongation, desaturation and even
retro-conversion (β-oxidation) steps, are likely to involve
changes in δ 2H values between dietary PUFAs and DHA. Therefore, as compound-specific δ 2H analysis of fatty acids becomes
established as a method, complementary research on consumer
physiology for species of interest is also needed.

(b) Analyses of fatty acid isotopomers (position-specific)
and isotopologues (mass-specific)
Intramolecular isotope pattern studies are emerging as another
promising tool. Using enriched compounds as precursors or
13
CO2 pulse chase experiments, isotopic patterns within molecules can provide insights into resource fluxes in food webs
(e.g. [132]) as well as into consumers’ metabolic pathways
[133,134]. Within a molecule’s isotopic ‘fine structure’, isotopomers and isotopologues can be distinguished. Isotopomers are
similar in isotopic composition, but differ in the position of isotopes within the molecule, while isotopologues are molecules
that differ in their isotope composition (figure 4). Isotopomer
measurements have been used to study pathways’ kinetics
and dynamics, such as the regulatory effects inherent in
normal metabolism as well as disease [135,136] because position-specific stable isotope measurements enable researchers
to precisely track molecular dynamics [137]. The 13C profiles
of metabolites are determined by nuclear magnetic resonance
(NMR) spectroscopy or MS [135]. Researchers have typically
used enriched substrates of glucose, pyruvate or acetate to
investigate carbohydrate metabolism, and glycine to investigate amino acid metabolism. The pattern of labelling in
isotopomers of these molecules can reveal enzyme activities
and the nature of re-ordering reactions that direct metabolism
[138]. For instance, 13C-labelled pyruvate and glucose have
been used to characterize the potential for bacteria to ferment
sugars to ethanol [139]. A major challenge for expanding isotopomer analyses beyond medical research to ecological studies
is that labelled standards with exact structures are not readily
accessible at affordable prices. However, isotopomers have
the potential to distinguish between dietary fatty acids that
overlap in compound-specific isotopic values, but differ in position-specific values as a consequence of synthesis through
different metabolic pathways. For instance, Scandellari et al.
[140] supplied ectomycorrhizal fungi with six-position-specific
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5. Future research priorities: what we still want
to know
There is much that we still want to know about compoundspecific stable isotopes of fatty acids. In particular, there is enormous potential to contribute to the development of new
techniques using CSIA to study trophic ecology. For example,
future studies using stable hydrogen isotopes of fatty acids
need to address basic questions including: (i) how variable
are δ 2H values in fatty acids of difference sources over time
and space; (ii) how ‘stable’ are δ 2H values in fatty acids from
one trophic level to the next (i.e. trophic discrimination); and
finally, (iii) how can analytical limitations in analyses of
stable hydrogen isotopes in fatty acids be overcome? These
same questions also remain open for isotopologues and present
another exciting frontier for future studies. Position-specific
stable isotope or isotopomer analyses have yet to be applied
to studies of trophic ecology, yet they offer finer-scale resolutions than CSIA, such as when dietary fatty acids also
overlap in compound-specific isotopic values for either δ 13C
or δ 2H.
Nevertheless, many questions still remain for ‘classic’ CSIA
of carbon from entire fatty acid molecules. In particular, the following are urgently needed: (i) more experimental studies
across a diversity of taxa, life stages and habitats to quantify
diet to tissue variation empirically; and (ii) more comprehensive studies evaluating how factors, such as diet, nutritional
status, sex and age, influence the isotopic composition of individual fatty acids. The existing compound-specific stable
isotope literature is heavily biased towards aquatic organisms
(i.e. fish and zooplankton), soil microorganisms, and riparian
or marine-associated birds (figure 2), while eco-physiological
CSIA-based studies on wild terrestrial vertebrates, in particular
mammals, amphibians and reptiles, as well as insects are scarce
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into consumers. Additionally, isotopologue profiling revealed
16:0 desaturation to palmitic acid (16:1n-7) and chain
elongation to stearic acid (18:0), both indicated by the high relative abundance of M+16 ([72]; see electronic supplementary
material, table S2). Further, an increase in the abundance of
M+2 demonstrated de novo synthesis of oleic acid (18:1n-9)
and arachidonic acid (20:4n-6) from 13C-acetyl-CoA. Menzel
et al. [150] give a step-by-step protocol on how to perform isotopologue profiling with fatty acids using GC-MS. However,
despite the high sensitivity of modern MS instruments, obtaining accurate 13C patterns still remains a challenge, especially
for long-chain fatty acids with low abundance of the molecular
ion (M+) and isotopologues (M+X). Overall, isotopologue profiling allows researchers to determine: (i) the incorporation
rate and percentage usage of any supplied 13C-labelled
carbon resource in the formation of consumer fatty acids (e.g.
capability for de novo synthesis); (ii) the contribution of a
fatty acid precursor to pathways leading to the formation of
specific (e.g. essential) fatty acids; (iii) the metabolic transformations of a dietary routed fatty acid in consumer metabolism
(e.g. chain elongation, desaturation); and (iv) the flux of C
derived from a dietary routed fatty acid through intermediary
reactions and pathways. Consequently, like GC-C-IRMS 13C
analysis of entire fatty acids, isotopologue profiling of fatty
acids assigns the relative carbon flow from diet to consumer,
but also provides additional detailed structural information
on consumer lipid pathways.

royalsocietypublishing.org/journal/rstb

C-labelled isotopomers of glucose, resulting in a parametrized metabolic model of pathways in lipid biosynthesis.
Using two labelled substrates, acetate and glycerol, Pollard
et al. [141] performed an analyses of the biosynthetic fluxes
and rates in lipid metabolism of Camelina sativa seeds. Overall,
isotopomer labelling studies are a valuable tool to describe the
distribution of isotopic tracers in metabolic networks [142], but
have yet to be applied in studies of trophic ecology.
While isotopomer analysis is the preferred tool to investigate metabolic pathways, and thus trophic interactions,
isotopologue profiling offers more information on carbon
fluxes and dietary routing of metabolites [135]. Typical CSIA
gives isotopic values for all of a certain molecule while isotopologue profiling additionally assigns where heavy atoms are
located within the molecule (figure 4). Briefly, the carbon skeleton of a fatty acid is a mosaic of assembled building blocks
derived from acetyl-CoA, and covalent linkages can be
formed by 13C-labelled or unlabelled 12C fragments. By comparing the 13C isotopologue profiles of metabolites from diet
and consumers, relative resource use and metabolic pathways
can be gleaned [143]. Thus, in contrast with isotopomer analysis, no position-specific labelled substrate is needed. Instead
any perturbation of the natural isotope equilibrium (e.g. with
a CO2 pulse labelling) or a relatively inexpensive entire labelled
resource (glucose, cellulose), which spreads in the experimental system, allows for analyses of a broad spectrum of metabolic
dynamics [144]. This approach developed in microbiology,
starting with studies on environmental degradation processes
[145,146]. Ecological studies have used this approach to
assess carbon flux pattern through soil microbial networks
[147] or lipid transfer from plants to arbuscular mycorrhiza
fungi [148]. For trophic interactions, isotopologue profiling
has also been applied to quantify carbon flux via fatty acids
in aquatic protists [149] and soil Collembola [72,150].
Isotopologue profiling is based on the labelling pattern or
mass distribution vector, which describes the fractional abundances of all isotopologues with different masses in a
molecule. For example, incorporation of 13C from a labelled precursor into the molecular ion (M+) leads to the formation of a
series of isotopologues (i.e. M+1, M+2, etc.; [137,145]; figure 4).
This provides information on the specific 13C distribution
(called isotopologe pattern or profile) in the labelled metabolite,
as every different isotopic composition has a different mass
([144,150]; electronic supplementary material, table S2). Next,
the total incorporation of 13C can be calculated by the abundance ratio summation of all target isotopologues [132].
Consequently, isotopologue profiling delivers both 13C position
and flux, but does not distinguish between isotopomers.
Quantitative NMR spectroscopy as well as GC-MS or liquid
chromatography-MS are commonly used to determine the 13C
profiles of metabolites (e.g. to assign the use of host-derived
glucose or amino acids in pathogenic bacteria), with MS
favoured due to its higher sensitivity [143]. For metabolic
networks, this method is particularly well established in
amino acids [151], but can be applied to any labelled metabolite
detectable by these analytical techniques, including fatty acids.
In their pioneering study, Menzel et al. [72] investigated the
trophic transfer and fate of labelled palmitic acid (13C16:0, 99
atomic %) in Collembola consumers. Based on these data,
electronic supplementary material, table S2 presents the
intramolecular 13C distribution in dominant fatty acids. Comparable with the GC-C-IRMS analysis, isotopologue profiling
assigned the dietary routing of the entire 13C16:0 molecule

small number of laboratories that run CSIA, especially
those prepared to work with non-model organism samples
from natural ecosystems, limits the potential for the CSIA
field to expand further.

(a) Challenges and steps forward
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