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Abstract. Stable isotopes have been used extensively to
study food-web functioning, that is, the flow of energy and
matter among organisms. Traditional food-web studies are
based on the natural variability of isotopes and are limited to
larger organisms that can be physically separated from their
environment. Recent developments allow isotope ratio mea-
surements of microbes and this in turn allows the measure-
ment of entire food webs, in other words, from small pro-
ducers at the bottom to large consumers at the top. Here, I
provide a concise review on the use and potential of stable
isotopes to reconstruct end-to-end food webs. I will first dis-
cuss food web reconstruction based on natural abundances
isotope data and will then show that the use of stable isotopes
as deliberately added tracers provides complementary infor-
mation. Finally, challenges and opportunities for end-to-end
food web reconstructions in a changing world are discussed.

1 Introduction

Food webs depict the exchange of matter among organ-
isms within an ecosystem, including the energy flow from
basal resources to top predators (Krumins et al., 2013). Bio-
geochemists and ecologists both study carbon flows within
ecosystems but often use different concepts, theories and cur-
rencies, because of different research traditions and method-
ologies. Biogeochemists and microbial ecologists focus on
the lower part of the food web because algae, bacteria
and archaea govern major element flows and processes,
such as primary production and respiration. Their primary
currency is biomass, and rate and flux measurements are
expressed in quantity per unit volume/area per unit time
(Sarmiento and Gruber, 2006). Microbiologists also focus
their attention on the algae, bacteria and archaea, but their
approach mainly involves molecular biology tools (genomics

and proteomics) providing information on identity, diversity
and metabolic capabilities of microbial communities. Most
pelagic food-web ecologists either focus on phytoplankton–
bacteria–zooplankton interactions using biomass and fluxes
as currency, or on the higher trophic levels (zooplankton to
fishes), and typically use densities, number of individuals and
sometimes biomass as model currency (Travers et al., 2007).
Similarly, most benthic food-web studies are biased towards
metazoans, macrophytes and suspended/sedimentary detritus
and do not resolve the microbial domain.

It is unfortunate that differences in research traditions
(evolutionary ecology vs. biogeochemistry) and methodol-
ogy (DNA-based identity vs. counting, biomass or flux mea-
surements) have so far limited integration of food webs from
end-to-end: from small producers at the bottom to large con-
sumers at the top of the food web. This information is critical
for linking changes in the environment (e.g., global warm-
ing, eutrophication, hypoxia, ocean acidification) with the
functioning of higher organisms because many environmen-
tal impacts go via the lower parts of the food web. Similarly,
top predators are thought to impact nutrient cycling in lakes
(Carpenter et al., 2001), but are normally ignored in ocean
biogeochemistry models. It is for this reason that substantial
efforts have been made to integrate different modeling ap-
proaches into end-to-end marine ecosystem modeling (Rose
et al., 2010; Salihoghu et al., 2013).

Stable isotope analysis (SIA) has emerged as a versatile
tool for questions in biogeochemistry, plant and animal phys-
iology, migration patterns, niche definition and shifts, re-
source use and diet composition, trophic-level estimations
and food-web functioning (Fry, 2006; Bouillon et al., 2012).
SIA can be applied to all size classes in food webs: from
aquatic microbes to whales, from soil fungi to elephants,
from sediment bacteria to worms. As such, it may pro-
vide an alternative avenue to end-to-end food web studies
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besides ecosystem modeling (Rose et al., 2010). Most stable
isotope applications in biogeochemistry and ecology make
use of the small natural variations in stable isotope ratios
resulting from physical, chemical and biological processes
that cause isotope fractionation. These differences in natural
abundance stable isotope ratios are primarily generated dur-
ing primary production, but subsequent heterotrophic pro-
cessing also contributes (Craig, 1953).

Carbon and nitrogen stable isotopes are most commonly
used for elucidating trophic structure and for inferring energy
and matter flows in food webs. Stable carbon isotope ratios
(δ13C) of plants vary because of differences in isotopic com-
position of the inorganic carbon substrate used and the photo-
synthetic pathway (C3 or C4) involved (Smith and Epstein,
1970). These carbon isotope ratios are reflected in the tis-
sue of animals consuming these plants (De Niro and Epstein,
1978) according to the principle “you are what you eat”, or
more precisely “you are what you assimilate”. In a subse-
quent study De Niro and Epstein (1981) showed that stable
nitrogen isotope ratios (δ15N) of consumers are typically en-
riched by 2–4 ‰ relative to their diet. Nitrogen isotope ratios
can thus be used to estimate trophic position of a consumer
(Minagawa and Wada, 1984), while carbon isotope ratios
provide information on the eventual carbon/energy sources
at the base of the food web (Peterson and Fry, 1987; Post,
2002; Bouillon et al., 2012). This dual-isotope analysis of
food webs provides qualitative, objective information about
energy flow through food webs and trophic transfers (Fig. 1),
and if some assumptions are made it allows quantification of
food chain length (Peterson and Fry, 1987; van der Zanden
and Rasmussen, 2001) and consumer diets (Phillips et al.,
2005; Fry, 2013).

Earth scientists pioneered stable isotope techniques, but
technological progress, in particular automated continuous-
flow, and online isotope ratio mass spectrometry, has made
stable isotope analysis widely available. Stable isotope anal-
ysis is now a routine procedure in many laboratories and sta-
ble isotope ecology has matured and expanded to such an ex-
tent that it is nearly impossible, let alone wise, to review all
applications in stable isotope ecology and biogeochemistry.
Excellent reviews are available for stable isotope use in (ex-
perimental) animal ecology (del Rio et al., 2009; Wolf et al.,
2009), plant ecology (Dawson et al., 2002), trophic transfers
(Boecklen et al., 2011), estuarine biogeochemistry (Bouillon
et al., 2012) as well as several dedicated books (Fry, 2006;
Michener and Latjha, 2007).

Here, I will review the use of stable isotopes in food-
web reconstructions with a focus on connecting microbial
to metazoan food webs and linking natural abundance with
tracer applications rather than providing a full account of
all studies to date. First, I will evaluate the strengths and
weaknesses of natural abundance stable isotope analysis of
food webs. Second, most food-web studies are biased to-
wards metazoan consumers and ignore isotopic heterogene-
ity at the base and concepts such as the microbial loop. The

Fig. 1. Conceptual dual isotope plot. This hypothetical two-isotope
plot is based on two primary producers (A, B) that differ in both
isotopes and are consumed by specialized herbivores (HA andHB )

and a generalist herbivore (HAB depending 50% on both primary
producers). These herbivores are consumed by predators (PHA,
PHAB , PHB ) as reflected in their increased15N content (y axis).
Omnivores feed on multiple resources at multiple trophic levels
(O1−3).

combination of compound-specific isotope analysis of mi-
crobial biomarkers and traditional isotope analysis of meta-
zoan consumers is proposed as a fruitful avenue for end-
to-end food-web analysis complementing model-based ap-
proaches. Third, I will review deliberate tracer addition stud-
ies of food webs and discuss how they, combined with natu-
ral abundance studies, will allow further resolution of food-
web functioning, including crossing domains of life. Fourth,
I will discuss approaches to assimilate stable isotope data
with the aim to improve food-web reconstructions. In the fi-
nal section, I will identify a few novel research themes and
approaches that can now be explored.

2 Food-web analysis based on natural abundance stable
isotopes

Stable isotope analysis can be done on small or large or-
ganisms, producers as well as consumers, and thus al-
lows linking small organisms at the base of the food
web with large consumers at the top (Fig. 1). The ba-
sic idea is that the isotope ratio of a consumer reflects
that of its diet after correction for isotopic discrimina-
tion. This isotopic discrimination during trophic transfers
is often small for carbon isotopes (1C = 0–1 ‰, De Niro
and Epstein, 1978; Post, 2002; van der Zanden and Ras-
mussen, 2001), therefore neglected, and consumers then
primarily reflect the weighted isotopic signals of their re-
sources. However,1C is not always small (e.g., Dang et
al., 2009) and then it has to be taken into account (e.g.,
Caut et al., 2009). When1C is neglected, a simple two-
end-member model can be used to estimate the proportion of
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carbon (pC) derived from resource A:pC = (δ13Cconsumer-
δ13CresourceB) / ( δ13CresourceA-δ13CresourceB). pC can be neg-
ative or above 1 if an important food resource has not been
sampled or included in the mixing model. A consumer rely-
ing 25 % on terrestrial plant detritus with aδ13C of −27 ‰
and 75 % on phytoplankton with aδ13C of −19 ‰ would
have aδ13C of −21‰.

Nitrogen isotope values can also be used for diet
studies, but the systematic enrichment of consumers by
2–4 ‰ relative to their diet (Minagawa and Wada, 1984)
makesδ15N an excellent measure for identifying trophic
transfers and omnivory, and for quantifying trophic posi-
tion. For a simple linear food chain the trophic position
(TP) can be directly estimated from TP= (δ15Nconsumer-
δ15Nresourceatbase) / 1N, where 1N is the enrichment per
trophic transfer (2–4 ‰) andδ15Nresourceatbaseis the nitro-
gen isotope ratio at the base of the food chain. Similarly, the
trophic position for a two-source food web can be calculated
from: TP= (δ15Nconsumer– [pN × δ15NresourceAatbase+ (1−

pN) × δ15NresourceBatbase]) / 1N. Nitrogen-isotope-based TP
estimates are continuous rather than discrete because they in-
corporate omnivory (Fig. 1) and they have shown to correlate
with organism size and accumulation of contaminants (e.g.,
Cabana and Rasmussen, 1996).

The accuracy of trophic position estimates depends on a
number of factors: (1) the assumption that carbon and ni-
trogen flow through the food web similarly (pC = pN; i.e.,
no concentration effect) and that isotopic enrichment of car-
bon during trophic transfer (1C) is limited, (2) the accu-
racy of the nitrogen isotopic enrichment per trophic transfer
(1N), (3) isotopic heterogeneity among tissues and (4) ac-
curate knowledge of carbon and nitrogen isotope signature
of basal resources (Lorrain et al., 2002; Fry, 2006; Phillips,
2012; Phillips and Koch, 2002). The variance in isotopic en-
richment per trophic transfer or trophic fractionation (1N)

has received considerable attention. Nitrogen trophic frac-
tionation appears to depend on the form of excretion, the
diet, the tissue analyzed, the taxon and the environment (e.g.,
Vander Zanden and Rasmussen, 2001; Post, 2002; Vanderk-
lift and Ponsard, 2003; Caut et al., 2010; Auerswald et al.,
2010; Bunn et al., 2013). The implications of this variance for
trophic position estimates and food-web reconstructions have
been discussed in detail (van der Zanden and Rasmussen,
2001; Post, 2002) and progress has been made in understand-
ing why 15N accumulates (del Rio et al. 2009; Wolf et al.,
2009), including use of dynamic energy budget models re-
solving isotopes (Emmery et al., 2011).

Food-web analysis based on carbon and nitrogen isotopes
can in principle reveal the contribution of three (number of
isotopes+ 1) resources to the diet of consumers (Fry, 2006).
However, there are often more than three resources in aquatic
ecosystems; this inspired pioneers in isotope ecology to ex-
plore additional isotope systems at natural abundance. Sul-
phur isotopes (δ34S) have shown to be powerful to distin-
guish between benthic and pelagic primary producers in estu-

arine and marine systems (Peterson and Fry, 1998; Connolly
et al., 2004). Hydrogen isotopes have been used successfully
in fresh-water food-web studies because of the strong sepa-
ration inδ2H between aquatic and terrestrial primary produc-
tion (Doucett et al., 2007; Cole et al., 2011; Solomon et al.,
2011; Cole and Solomon, 2012; Karlsson et al., 2012). This
difference is due to the high evaporative stress on emergent
vegetation compared to aqueous organisms. Fractionation of
hydrogen isotopes during trophic transfer is believed to be
limited, but organisms acquire a variable part (25± 10 %) of
their hydrogen from the environment (Solomon et al., 2009;
Cole et al., 2011). Natural abundance radiocarbon has been
used to identify consumer use of non-contemporary (i.e.,
aged) organic matter by freshwater fish and birds (Schell,
1983), estuarine bacteria (McCallister et al., 2004), river zoo-
plankton (Caraco et al., 2010) and consumers in lakes (Mc-
Callister et al., 2012; Zigah et al., 2012). Although each of
these isotopes has its own resolution power to elucidate food
webs (δS34: benthic vs. pelagic,δ2H aquatic vs. terrestrial,
114C modern vs. aged resources), it is through their com-
bination and the combination of multiple isotopes with ad-
ditional information and numerical mixing models that the
next step in resource utilization and food-web reconstruction
can be made.

3 Compound specific isotope analysis allows including
microbial domain

Stable isotope food-web studies have traditionally been lim-
ited to larger-sized organisms that can be physically sep-
arated and isolated for stable isotope measurements. The
smaller members at the base of the food web (Archaea, Bac-
teria and eukaryotic primary producers) were largely ne-
glected. This is unfortunate because food-web dynamics de-
pends on interactions among species and between species
and the environment. Many environmental factors affect in
particular members of the lower part of the food web (nu-
trient, light, temperature). Detailed understanding food-web
functioning in a changing world thus requires consideration
of the entire food web, including the micro-organisms gov-
erning energy and nutrient flows in most ecosystems (Travers
et al., 2007; de Kluijver et al., 2013).

Many ecosystems are fueled not only by primary pro-
ducers within the system, but also by external carbon sub-
sidies (Polis et al., 1997). Rivers, lakes and estuaries re-
ceive large quantities of organic matter in particulate and
dissolved organic form from the watershed and upstream sys-
tems (Middelburg and Herman, 2007; Cole et al., 2007). This
allochthonous organic matter is consumed directly or indi-
rectly via bacteria by many consumers in aquatic ecosystems
(Cole et al., 2006). Advection of dissolved organic matter in
the ocean may subsidize higher trophic levels after process-
ing in the microbial loop (Azam et al., 1983; deLaender et
al., 2010). For tracing organic matter flows and food-web
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functioning it is therefore essential to resolve the isotopic
composition among bacteria, algae and detritus (dead organic
matter) (van Oevelen et al., 2006a).

Direct δ13C andδ15N characterization of microbial basal
resources is analytically challenging and most food-web
studies therefore rely on indirect approaches: either on pri-
mary consumers (Cabana and Rasmussen, 1996; vanderZan-
den et al., 1999; Post, 2002) or proxies for (i.e., indirect
measures of) isotope ratios of microscopic organisms (Marty
and Planas, 2008). The former approach is most often used
and has in the case of long-lived primary consumers (e.g.,
suspension-feeding bivalves) the advantage that short-term
and seasonal variability are integrated. However, putative pri-
mary consumers such asDaphnia spp. might as well con-
sume allochthonous, locally produced detrital organic mat-
ter or bacterially derived material (van den Meersche et al.,
2009; de Kluijver et al., 2012) and thus provide a biased pic-
ture of available resources. Moreover, this approach only al-
lows reconstruction of food webs from primary consumers
upwards, ignoring the microbial domain and the flows of car-
bon and nitrogen via the microbial loop (Azam et al., 1983)
or the sponge loop (de Goeij et al., 2013). The alternative
approach to use bulk organic matter, physically separated
size-classes or respired carbon dioxide as proxies for bac-
terial or algal isotope signatures has its problems as well:
micro-organisms are often attached to particles, size-classes
may overlap and the isotope signature of carbon respired may
differ from that assimilated (e.g., Marty and Planas, 2008).
Moreover, basal resources usually have a higher turnover
than consumers and short-term and/or seasonal variability
should be accounted for (van den Meersche et al., 2009).

Recently, compound-specific isotope analysis (CSIA) of
biomarkers has enabled us to include the microbial com-
partment of food webs (Middelburg et al., 2000; Boschker
and Middelburg, 2002; Amelung et al., 2008; Bouillon and
Boschker, 2006). Biomarkers are molecules specific for
certain (groups of) organisms (Boschker and Middelburg,
2002). Through the CSIA of biomarkers it is now possible
to isotopically distinguish between micro-organisms and de-
tritus, hence to detect isotopic heterogeneity among micro-
bial producers (e.g., between diatoms and green algae) and
consumers, and to study the transfer of carbon in end-to-end
food webs (i.e., from microbes to large metazoans). This res-
olution was required to estimate the contribution of bacteria
and phytoplankton to zooplankton diets (van den Meersche
et al., 2009), to elucidate the relative contribution of diatoms
and cyanobacteria to the diets of meiofauna and macrofauna
in sandy permeable sediments (Evrard et al., 2010, 2012), to
distinguish reliance of zooplankton species on green algae
and cyanobacteria (Pel et al., 2003; Bontes et al., 2006) and
to infer the carbon substrate used by bacteria in macrophyte-
dominated coastal systems (Bouillon and Boschker, 2006;
Bouillon et al., 2012).

The above examples were based on a compound-specific
isotope analysis of lipids, more specific, polar-lipid derived

fatty acids (PLFA). PLFA are very suitable biomarkers be-
cause of their relatively easy isotope analysis with GC-C-
IRMS and because these cell membrane constituents occur in
bacteria and eukaryotes and are present in relatively constant
amounts in organisms of interest, allowing calculations of or-
ganism’ biomass from concentrations of specific molecules
(Boschker and Middelburg, 2002). Moreover, PLFA rapidly
turn over, indicating that they reflect living biomass rather
than the remains of organisms (e.g., bacterial necromass).
However, specificity of PLFA (for identification of micro-
organisms) is rather low, in other words, bacteria and eu-
karyotes can be distinguished quite well from each other, but
PLFA spectra of many phytoplankton groups overlap (Dijk-
man et al., 2009). This implies that resolving among phy-
toplankton groups should be done with utmost care and re-
quires compositional estimators (Dijkman et al., 2009; van
den Meersche et al., 2008). Moreover, PLFA are not very use-
ful in tracing Archaea, the third domain of life, although their
role in food webs has been recognized (Thurber et al., 2012).
Another concern with the use of PLFA and other biomarkers
is the difference in isotopic composition of the biomarker rel-
ative to the total cell, because the latter is an emergent prop-
erty (weighted average) of the wide range of isotopic ratios
of individual biochemical fractions or compounds. Individual
compounds may differ > 20 ‰ in isotopic composition due to
fractionation effects during synthesis and transformation re-
actions (Hayes, 2001; Schouten et al., 1998; Boschker and
Middelburg, 2002; Fiorini et al., 2010). This complicates use
of biomarker isotopic data as proxies for the isotopic com-
position of whole organisms/cells. Typical correction fac-
tors between PLFA and total microbial cell isotope values
are between 2 and 5 ‰ (Hayes, 2001; Boschker and Middel-
burg, 2002). To complicate matters further, laboratory studies
have shown differences in lipid composition spectra of or-
ganisms because of environmental conditions (temperature,
carbon dioxide), viral infections and life stage (Riebesell et
al., 2000; Evans et al., 2009; Fiorini et al., 2010). Moreover,
there is also substantial variability inδ13C among fatty acids
(e.g., Schouten et al., 1998; Fiorini et al., 2010). These dif-
ferences are important for natural abundance ratio studies,
because differences in isotope ratios between biomarker and
total cell/organism are sometimes similar to differences be-
tween resources. However, these differences are of little con-
cern for tracer applications because they are canceled out in
the calculation (when the same fatty acids in resource and
consumer are compared) and are small (∼ few ‰) relative to
typical enrichments used in tracer studies (tens to hundreds
‰; see Sect. 4).

Compound-specific isotope analysis is not limited toδ13C,
but may also involve radiocarbon (Cherrier et al., 1999;
McCallister et al., 2004),δ2H (Sessions et al., 1999) and
δ15N. These have not yet been explored much in a food-
web context, but for nitrogen isotope analysis of amino acids.
CSIA of amino acids in zooplankton revealed that some
amino acids (trophic ones such as alanine and glutamic acids)

Biogeosciences, 11, 2357–2371, 2014 www.biogeosciences.net/11/2357/2014/



J. J. Middelburg: Stable isotopes dissect aquatic food webs from the top to the bottom 2361

become richer in15N per trophic transfer, whereas others
(source amino acids such as phenylalanine) are not (McClel-
land and Montoya, 2002; Hannides et al., 2009; Chikaraishi
et al., 2009). This allowed them to estimate trophic levels
for zooplankton and other consumers, and to derive theδ15N
of basal resources. However, the trophic enrichment between
glutamic acid and phenylalanine appears to be different
for herbivory (plant-animal; 7.6 ‰) and carnivory (animal-
animal; 4.3‰), complicating inferences based on compound-
specificδ15N analysis (Germain et al., 2013). Basal resources
δ15N values are notoriously difficult to obtain because of
high temporal variability due to intense recycling and assim-
ilation of dissolved inorganic nitrogen by heterotrophic bac-
teria (Kirchman, 1994; Veuger et al., 2005). A pilot study
on theδ15N of amino acids revealed systematic differences
among prokaryotic and eukaryotic algae (McCarthy et al.,
2013) that may be helpful to characterize base-levelδ15N,
particularly when combined with isotopic characterization of
D-alanine, as this biomarker occurs in heterotrophic and au-
totrophic bacteria (Veuger et al., 2005).

4 Stable isotopes as deliberate tracers in food-web
studies

Although the combination of multiple stable isotopes and
isotope mixing models is often sufficient to resolve the prob-
lem of overlapping isotope signature of resources, an alterna-
tive approach involving deliberate stable isotope addition at
tracer level might be useful. Studies during the last decades
have shown that it is possible to selectively label primary pro-
ducers through addition of13C-enriched bicarbonate/carbon
dioxide or15N-enriched ammonium or nitrate (Middelburg
et al., 2000; van den Meersche et al., 2011; Pace et al., 2004,
2007; Evrard et al., 2010). Similarly, isotopically labeled dis-
solved organic matter can be added to label bacteria (van
Oevelen et al., 2006a; Guilini et al., 2010) or sponges (De
Goeij et al., 2013). Phytodetritus enriched in13C and/or15N
can be added to trace the flow of carbon and/or nitrogen
from detritus to consumers (Blair et al., 1996; Moodley et
al., 2002; Woulds et al., 2007). The isotopically labeled re-
sources are utilized and then part of the added label is assim-
ilated in the consumer and provides a direct measure of the
involvement of the specific organism in carbon or nitrogen
flows. This information is highly relevant for linking organ-
isms’ identity and activity (Boschker et al., 1998).

When designing deliberate additions of stable isotopes to
ecosystems, it is not only important to select the tracer (13C,
15N) and the form in which it will be added to the system (or-
ganic or inorganic, particulate or dissolved, reduced or oxi-
dized form), but also the addition mode (enclosed vs. open
system, pulse or continuous labeling) and the duration of the
experiment. Deliberate tracer experiments can be executed in
enclosures (e.g., mesocosms) or in situ. The in situ approach
has been successfully applied to elucidate food webs in lakes

(Pace et al., 2004, 2007), streams (Hall and Meyer, 1998), es-
tuaries (Hughes et al., 2000), tidal marshes (Gribsholt et al.,
2005, 2009), tidal flats (Middelburg et al., 2000; Rossi et al.,
2009), coral reefs (de Goeij et al., 2013) and deep-sea sedi-
ments (Blair et al., 1996). Heavy isotope-enriched materials
have also been added in situ to benthic chambers in coastal
(Oakes et al., 2010, 2012) and deep-sea sediments (Moodley
et al., 2002; Witte et al., 2003) and to cores implemented at
the seafloor (Nomaki et al., 2011).

Tracer levels during experiments can be constant, for ex-
ample, after the addition of13C-DIC in enclosures with com-
munity consumption of13C being small relative to the stock
available, or decline as a consequence of tracer consumption
or losses (gas or water exchange). Tracer additions can be
continuous or as a single or set of pulses. Continuous tracer
additions during the entire experimental period usually aim
to maintain a constant tracer level because this facilitates in-
terpretation of the data. A single pulsed addition followed
by a chase of the added isotope (pulse-chase experiment) is
the most often adopted strategy in in situ experiments, such
as whole-ecosystem labeling of open systems and when the
stock of the component has high turnover and/or low con-
centrations (e.g., dissolved ammonium). Multiple tracer ad-
ditions may sometimes be needed to either maintain con-
stant tracer levels in order to facilitate interpretation or to
increase the difference in tracer level between substrate and
consumers (van Engeland et al., 2012).

The duration of tracer experiments varies from short, 2 h
incubations for investigating microbial dynamics to multi-
month studies of whole ecosystems. The appropriate choice
depends on the internal dynamics of the systems to be inves-
tigated (short for microbial systems, long for whole ecosys-
tems) and on the organism involved (short for fast-growing
organisms at the bottom of the food web to long for slowly
growing organisms at the top of the food web). Moreover,
shorter experiments are logistically simpler to run than ex-
periments lasting for weeks to months, in particular in open
systems and at remote locations. Short duration experiments
allow accurate quantification of label transfer from the sub-
strate to primary consumers (e.g., primary and bacterial pro-
ducers, herbivores), but often do not allow detection of trans-
fers from the basal resources via intermediates to the even-
tual consumers. Long-lasting experiments, in particular when
combined with constant tracer levels/additions, allow trac-
ing flows from the bottom to the top in food webs, but at
the expense of explanatory power: label may appear in con-
sumers via multiple pathways. This spreading of added trac-
ers among all consumers is interesting for some research
questions (e.g., where does primary producer carbon end up),
but this scrambling of label may blur elucidation of path-
ways. A combination of short-term and long-term experi-
ments is consequently most instructive. Gribsholt and co-
workers investigated nitrogen dynamics of tidal-freshwater
ecosystems with a pulse-labeling over a 2-week period (Grib-
sholt et al., 2005) and over a multi-month period (Gribsholt et

www.biogeosciences.net/11/2357/2014/ Biogeosciences, 11, 2357–2371, 2014



2362 J. J. Middelburg: Stable isotopes dissect aquatic food webs from the top to the bottom

al., 2009). The former was instructive to identify nitrification
and tracer assimilation by emergent vegetation, whereas the
latter revealed bacterial immobilization of nitrogen in marsh
soils. Similarly, short-term13C labeling studies have revealed
that large organisms have either direct assess to basal re-
sources or via short links (Middelburg et al., 2000; Evrard et
al., 2010; Woulds et al., 2009; Moodley et al., 2005). These
studies were not designed to investigate label transfer to top
predators via long or multiple links and some key secondary
or tertiary consumers usually do not incorporate significant
amount of tracer. One striking example is the limited incor-
poration of13C from benthic algae, bacteria or phytodetritus
by nematodes (Guilini et al., 2010; van Oevelen et al., 2006a,
2012).

The addition of heavy isotopes as deliberate tracers is
increasingly being combined with natural abundance ap-
proaches because each approach has its strengths and weak-
nesses (Table 1) and they provide complementary food-web
information (Herman et al., 2000; Evrard et al., 2010; Van
Oevelen et al., 2006b, 2010; Cole et al., 2011; Solomon et al.,
2011). Deliberate tracer studies have the advantage of being
more conclusive than natural abundance studies because dif-
ferences in isotope ratios of potential food resources is under
experimental control, but isotope addition experiments can
only trace dependence on contemporary production, that is,
the very same material produced just before the experiment
is not included. Moreover, use of complex substrates of un-
known composition (e.g., detritus) cannot be traced directly
and use of15N as a tracer excludes its use as a trophic-level
proxy. However, deliberate tracer experiments, when prop-
erly designed, also allow accurate mass-budgets to be estab-
lished. Most food-web studies focus on the transfer of or-
ganic matter from one organism to the other and ignore the
catabolic processes resulting in the release of carbon diox-
ide by respiration, and ammonium and urea by excretion. A
number of studies involving the addition of13C-labeled or-
ganic matter to ecosystems identified that most organic car-
bon resources are respired rather than assimilated and trans-
ferred up in the food web (Moodley et al., 2002; Witte et al.,
2003). Similarly, nitrogen flows through the food web can be
studied at the same time and with the same currency as nitro-
gen redox transformation processes (Veuger et al., 2007; van
den Meersche et al., 2011).

5 Assimilating isotope data

The increasing use of stable isotopes in food-web studies has
resulted in the development of models to explore the rich data
sets. It is instructive to distinguish between data-assimilation
tools and models that consider natural abundance data or
tracer data, and for the latter among time-series observations
versus time-slice observations. Moreover, isotope modeling
studies can be limited to isotope data only (e.g., isotope mix-

Table 1. Strengths and weakness of deliberate tracer and natural
abundance stable isotope studies.

Natural abundance Deliberate tracer

Strengths:

– Isotopes integrate

over longer periods
(weeks to months)

– Samples collected in
the field, no incuba-
tion or experimental
manipulation required

– Trophic-level

estimates

Strengths:

– Conclusive (large dif-
ferences among iso-
tope ratios can be

obtained)

– Versatile: tracer can
be added in differ-
ent forms and differ-
ent combination

– Allows in situ

experimentation

Weaknesses:

– Isotopic differences

among organisms or
resources too small
for 13C and15N

– More sources than
isotopes: underdeter-
mined system

– Trophic fractionation
introduces some

uncertainty

Weaknesses:

– Traces only contem-
porary production in
enriched area/volume

– No trophic-level esti-
mates if15N is added
as tracer

– Complex substrates
(e.g., detritus) cannot
be reproduced well

ing models) or include additional data such as the biomass of
the organisms (Table 2).

5.1 Natural abundance data

Stable isotope data in food-web studies are most often an-
alyzed using isotope-mixing models. Diet inferences and
food-web interactions based on isotope mixing models are
subject to uncertainty because (1) there is substantial vari-
ability in the isotopic compositions of resources and con-
sumers, (2) there is uncertainty in isotopic enrichment per
trophic transfer, (3) the isotopic composition of resources
are not independent, and (4) because of the complex geom-
etry of mixing polygons (Phillips and Gregg, 2001; Moore
and Semmens, 2008; Parnell et al., 2010; Semmens et al.,
2009; Phillips, 2012; Fry, 2013). Moreover, there are often
more potential resources than the number of isotopes+ 1.
For these cases, the solution to the isotope mixing problem is
mathematically underdetermined (like fitting a straight line
through one data point) and thus non-unique (van Oevelen et
al., 2010). Isotope mixing models have been developed that
can deal with variability in resources, consumers and trophic
transfer fractionations, overlapping isotope signatures and
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Table 2.Overview of approaches to analyze stable isotope data.

Type of data Natural abundance
steady state

Tracer
discrete time

Tracer
time series

Isotope ratio
(IR)

Isotope mixing models Specific enrichment (1δ or
excess atom fraction)

Tracer compartment
models

IR + biomass Inverse models includ-
ing stable isotopes

Excess13C mass balance Food-web models re-
solving13C and12C

multiple resources, and that allow exploring the domain of
plausible solutions using techniques such as linear program-
ming or Bayesian inferences (Phillips and Gregg, 2003, Lu-
betkin and Simenstadt, 2004; Parnell et al., 2010; Bugalhu et
al., 2008). Usually a frequency distribution of feasible solu-
tions is provided and these should not be averaged (Phillips
and Greg, 2003; Fry, 2013). These state-of-the-art mixing
models primarily document the uncertainty of inferences
(i.e., range of frequency distribution) and provide informa-
tion of what is not feasible (i.e., what is outside the frequency
distribution), but it is only with inclusion of additional, inde-
pendent information (e.g., other isotopes, tracers or biomark-
ers) in the mixing model that better constrained and more ro-
bust results can be obtained (van den Meersche et al., 2009).

Stable isotope data have also been used in inverse mod-
eling studies. Inverse modeling of food webs aims to de-
rive quantitative estimates of flows within a food web based
on empirical data (biomass and fluxes) and mass balances.
However, most data sets are incomplete and uncertain, with
the result that the problem is underdetermined and multiple
solutions to the inverse problem exist (van Oevelen et al.,
2010). Solving the inverse model requires incorporation of
additional data such as stable isotopes to alleviate the under-
sampling problem. One approach is the incorporation of diet
information from stable isotope mixing models into the lin-
ear inverse model of the food-web network (Pacella et al.,
2013). This involves the use of natural abundance stable iso-
tope data in (Bayesian) isotope mixing models to derive the
upper and lower bounds on flows as prior information in the
linear inverse food-web model. An alternative approach in-
volves the use of the natural abundance stable isotope data di-
rectly into the linear inverse model by solving the equations
for 12C and13C together. Effectively the number of mass-
balances increases, while the number of unknown flows re-
mains similar with the consequence that the solutions are
better constrained. This approach has been pioneered by El-
dridge et al. (2005) and van Oevelen et al. (2006b). The latter
study and van Oevelen et al. (2012) showed that further ex-
tension of the inverse model with pulse-chase13C tracer data
provides more resolution in the flows from detritus to con-
sumers.

5.2 Tracer data

Tracer experiments are almost never run till steady-state par-
titioning of tracer among the food-web members has been
reached because of logistic and scientific reasons, such as
the identification of pathways (see Sect. 4). Depending on
the sampling frequency, tracer experiments are modeled and
discussed at a single or few time steps, with the implicit as-
sumption that tracer distribution patterns are at steady state,
or analyzed with a time-series approach (Table 2; Carpenter
et al., 2005).

Tracer studies express the enrichment of a tracer in a con-
sumer always relative to the isotopic composition of the con-
sumer before tracer addition, that is, at timet = 0. Many
tracer studies are expressed in terms of isotopic enrichment
1δ (e.g., for 13C: 1δ13C= δ13Ct -δ13Ct=0). This presenta-
tion has the advantage of being close to the original data,
that it is easily calculated and eliminates isotope fractiona-
tion, but it is better to use the excess atom fraction, formerly
known as atom percent excess (Coplen, 2011), because the
isotopic enrichment1δ is not exact at high enrichment lev-
els (δ > 1000‰), as sometimes employed in tracer studies
(Fry, 2006). Moreover, isotopic enrichment (irrespective of
whether expressed in1δ or as excess atom fraction) is an
intensive variable; the size of the pool is not included in the
calculation. Consequently, for a certain flow one would ob-
tain large isotopic enrichments for small pools and small iso-
topic enrichments for large pools (Boschker and Middelburg,
2002). Accordingly, for interpretation of tracer studies it is
essential to report the pool size (biomass) of the consumer
before quantitative estimates of flows can be made. Neverthe-
less isotope enrichment data can be very instructive in identi-
fying the (relative) importance of resources for a certain con-
sumer or the dynamics of consumers in a food web, and it is
for this reason that many studies report measuredδ13C /δ15N
as1δ values (e.g., Hall and Meyer, 1998; Blair et al., 1996;
de Goeij et al., 2013; Lengger et al., 2014). When biomass
data are available it is recommended to calculate excess13C
or 15N per unit area or volume for each compartment. Ex-
cess tracer mass data allow establishing tracer mass balances,
including calculation of percent recovery of tracer. This in-
formation is most useful when constructing food-web and
ecosystem models (van Oevelen et al., 2006b, 2012; Holmes
et al., 2000).
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When isotopic enrichment data are available at multiple
time steps it is possible to use dynamic or time-series models.
Carpenter et al. (2005) modeled a13C addition experiment of
lakes using three different models: a dual isotope flow model
(Cole et al., 2002) resolving mass balances for total carbon
and 13C, a univariate time-series model and a multivariate
autoregression model, each with its pros and cons in terms of
data requirement, assumptions, identifiability and goodness
of fit. Dynamic models used to explore stable isotope tracer
experiments are basically of two categories: (1) tracer com-
partment models that assume steady state, in other words,
constant biomass of consumers and (2) dynamic ecosystem
models resolving the dynamics of flows and stock over time.
Simple source–sink isotope ratio models have been used to
model 15N in a stream food web (Hamilton et al., 2004),
13C from bacteria in tidal flat sediment food web (van Oeve-
len et al., 2006a),13C from phytoplankton to bacteria (Nor-
rman et al., 1995; de Kluijver et al., 2010) and to bacteria
and zooplankton (Pace et al., 2007; de Kluijver et al., 2013).
The simplicity of these models (e.g., few linkages, steady-
state biomass) allowed van Oevelen et al. (2006a) and de
Kluijver et al. (2010, 2013) to use Bayesian (Markov chain–
Monte Carlo) approaches to assimilate data and to quantify
the model uncertainty. Dynamic ecosystem models that re-
solve multiple compartments of a food web as a function
of time are more demanding in terms of data and modeling
skills. Van den Meersche et al. (2004) simulated the trans-
fer of 13C-bicarbonate to bacteria via phytoplankton during
an experimental bloom with a model with dynamic nutrient
pools, producer and consumer biomasses and variable nitro-
gen internal cell quota. More recently, van den Meersche
and coworkers (2011) modeled dual tracer experiments in-
volving 13C-bicarbonate,13C-glucose,15N-nitrate and15N-
ammonium additions to mesocosms and could derive un-
precedented detailed information on the nitrogen and carbon
flows during an estuarine bloom.

6 Outlook

6.1 Methodological innovation

Stable isotope studies have contributed much to the elucida-
tion and quantification of food-web interactions and the flows
of carbon and nitrogen through ecosystems. This progress
would not have happened without the availability of con-
tinuous flow isotope ratio mass spectrometers (CF-IRMS)
since the 1990s. The wealth of isotope data has stimulated
modelers to develop sophisticated, Bayesian inference-based
isotope-mixing models to extract quantitative food-web data
that take into account the natural variability and uncertainty.
The majority of food-web studies are limited to carbon and
nitrogen isotopes because of their ease of measurement, and
to larger-sized organisms that can be physically separated
and then analyzed by CF-IRMS. Recent improvements in

technology now allow the measurement ofδ13C, δ15N and
δ34S simultaneously on small samples (Hansen et al., 2009).
This will enable more accurate and complete reconstruction
of food-web interactions.

A growing number of ecological laboratories have or will
soon have access to gas chromatography-combustion iso-
tope ratio mass spectrometry (GC-C-IRMS) and CSIA of
biomarkers will no doubt extend existing stable isotope stud-
ies to the bottom of the food web. Resolving isotopic hetero-
geneity at the base of the food web, in the microbial domain,
will for some time involve a trade-off between on the one
hand the resolution in taxonomy and on the other hand the ac-
curate quantification of tracer assimilation and thus organism
activity (Fig. 2). While biomarker approaches have provided
pivotal knowledge on the carbon isotopic characteristics of
microbes, there is very little knowledge on other isotopes
(Zhang et al., 2009) and on protozoans that are too small to
be physically isolated for isotope determination (e.g., cili-
ates), yet may govern the energy flow from microbes to pu-
tative primary consumers considered in most stable isotope
food-web studies. New technological developments such as
microcombustion and liquid chromatography isotope ratio
mass spectrometry (LC-IRMS; Boschker et al., 2008) and
nanoSIMS (secondary ion mass spectrometry at submicrom-
eter scale resolution; Wagner, 2009) may be needed to close
this gap in our food-web studies. LC-IRMS will allow sim-
ple and rapid analysis of the carbon isotope composition of
dissolved organic matter in freshwater systems and of amino
acids and carbohydrates that so far have been underexploited
in food-web studies. The microcombustion device of LC-
IRMS has been used successfully to analyze the carbon iso-
topic composition of 16S-RNA (Miyatake et al., 2009, 2013).
NanoSIMS enables users to quantify multiple isotope ratios
at subcellular level within a spatial context, and a pilot study
showed its potential for analyzing tracer uptake in zooplank-
ton (Eybe et al., 2009).

The recent development of online isotope analysis by cav-
ity ring-down spectrometry has the potential to study car-
bon cycling from microbial to ecosystem scales (Maher et
al., 2013). More specifically, the real-time monitoring of car-
bon stable isotope of carbon dioxide and methane allows ac-
curate, high-resolution quantification of respiration and fer-
mentation at the system level. Accordingly, new develop-
ments in analytical methods provide not only more data at
higher resolution, for smaller organisms, for more isotopes
and with spatial context, but they will also facilitate inte-
grated ecosystem assessments because assimilation and res-
piration processes will be studied with the same currency.

6.2 End-to-end food webs

Understanding the carbon and nutrient flows between and
within ecosystems is essential to advance our knowledge
on biogeochemical cycling and ecosystem functioning. Food
webs are often described in terms of the herbivory or green
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Fig. 2. Conceptual picture of the trade-offs between identity of
organism and accurate biogeochemical flux measurement using
(microbial) biomarkers. Biogeochemical rates measurement (often
based on isotope tracer techniques) provide accurate quantification
but no information on the identity of the organisms involved. Molec-
ular biology tools provide high-quality information on the presence
and potential capabilities of organisms but limited information on in
situ rates. Compound-specific isotope characterization of biomark-
ers (DNA, RNA, PLFA, Tetraether lipids, D-alanine) in combina-
tion with tracer techniques provide rate as well as identity informa-
tion but with low-to-moderate taxonomic resolution and intermedi-
ate accuracy. NanoSIMS can provide individual cell isotope ratio
measurements and thus provides high accuracy and high taxonomic
resolution, as well as spatial context.

pathway involving plant-herbivory-predator chains or the
brown, detritus-microbial loop (detritus-bacteria-metazoan
consumers), but these two pathways are just the end-
members of a continuum of parallel, interacting food webs
(Legendre and Rassoulzadegan, 1995; Krumins et al., 2013).
There is growing awareness that many pelagic ecosystems re-
ceive substantial organic matter subsidies from other ecosys-
tems and that consumers utilize both green and brown en-
ergy (Cole et al., 2006; Pace et al., 2007; van den Meersche
et al., 2009). Similarly, traditional benthic food-web recon-
structions are based on utilization of particulate detrital or-
ganic matter of variable qualities and do not consider her-
bivory or grazing on local primary production, such as ben-
thic algae (Gattuso et al., 2006) or chemoautotrophs (Mid-
delburg, 2011; Molari et al., 2013). Recently, de Goeij et
al. (2013) identified that cavity sponges in reef systems uti-
lize dissolved organic matter and produce particulate detritus
that then becomes available for the consumers. This sponge
loop was identified using13C and15N as deliberate tracers in
in situ experiments.

Stable isotope studies should in principle be able to re-
solve the green and brown pathways in food webs. However,
most pelagic food-web reconstruction using stable isotopes
are based on the green pathway and use phytoplankton or a

proxy for phytoplankton (seston or primary consumer) as a
basal resource. Challenges are to account for differences in
the turnover of isotopes among primary producers and large
consumers, differences in lipid content, differences in iso-
tope ratios among tissues/compounds and analytical limita-
tions to resolve the nitrogen isotopic composition of primary
producers. In real food webs where green and brown path-
ways interact, there are challenges in identifying trophic lev-
els because bacteria living on locally produced or external
organic matter often assimilate dissolved nitrogen substrates
from the environment with consequences for their15N sig-
nature (Caraco et al., 1998). For any consumer that receives
a fraction of its carbon and nitrogen via the microbial loop,
it will be very difficult if not impossible to infer its trophic
level. Trophic-level estimates based on15N data to date ig-
nore bacterial nitrogen assimilation and as such are subject to
uncertainty in ecosystems involving substantial energy flow
from detrital resources.

More than 20 years ago Hochberg and Lawton (1990) ex-
pressed the need to study the competition between kingdoms
of life because of its ecological and evolutionary implica-
tions. This has not been followed up much. However, we now
have the tools. By deliberately adding heavy isotopes to food
webs and subsequent tracing of added label in organisms of
different domains of life, we can now directly investigate the
competition between bacteria, foraminifera and metazoans
for the resource (Middelburg et al., 2000; Moodley et al.,
2002; Woulds et al., 2007). Van Nugteren et al. (2009) em-
ployed13C as a tracer to study the competition between sed-
iment bacteria and a facultative detrivorous worm and iden-
tified that the spatial distribution of resources governed the
relative use of the labile carbon added. Vogel et al. (2014)
used nanoSIMS with13C- and15N-labeled litter to show that
submicron structures provide preferential spots for organic
matter sequestration in soils. Since13C can also be incorpo-
rated into archaeal biomarkers, it would in principle be pos-
sible to study the relative use of resources by archaea, bac-
teria, protozoa and metazoans. This is analytically challeng-
ing, but Nomaki et al. (2011) have documented the transfer
of 13C from dissolved organic carbon and phytodetritus to
Archaea, foraminifera and metazoans. This suggests that all
three domains of life in a food web may have almost direct
access to detrital resources. However, Lengger et al. (2014)
could not detect significant13C-label incorporation in thau-
marchaea derived intact polar lipids while bacteria assimi-
lated the added carbon, indicating that Archaea were not im-
portant in processing labile organic carbon in Iceland shelf
sediments. Whatever their role may be in organic matter pro-
cessing, there is a need for studies investigating archivory
(Thurber et al., 2012).
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7 Summary

Stable isotopes are increasingly being used to elucidate and
quantify food-web functioning and to identify the carbon and
nitrogen flows through ecosystems. Stable isotope measure-
ments can be performed on inorganic substrates, detrital and
living organic matter. This provides the unique opportunity
to use the same currency for single-celled and large organ-
isms and for the living and dead organic matter, circumvent-
ing the problems associated with traditional currencies of the
different branches of ecology. Stable isotopes can be used at
natural abundance by making use of the small, systematic
differences in ratios among organisms, as well as deliber-
ately added tracers to focus on specific processes or organ-
isms. The combination of tracer and natural abundance stud-
ies is very powerful since both approaches have their pros
and cons. The use of stable isotopes as tracers also allows
accurate quantification of ecosystem budgets, since not only
assimilation but also respiration can be estimated. Stable iso-
topes also enable direct linking of biodiversity (identity of
organisms) and ecosystem functioning (primary or secondary
production via incorporation of isotope in organisms, respi-
ration, nitrogen transformations) and as such may help to im-
prove our predictive capabilities of biogeochemical cycles in
a changing world. Deliberate tracer experiments have been
pivotal to elucidate the ecosystem-level response of pelagic
ecosystems to ocean acidification (de Kluijver et al., 2010,
2013) and benthic ecosystems to hypoxia and recovery from
hypoxia (Woulds et al., 2007, 2009; Rossi et al., 2009).
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