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Analyses of the natural variation in stable isotopes of

components of ecological systems have provided new

insights into how these systems function across

paleoecological to modern timescales and across a

wide range of spatial scales. Isotope abundances of the

molecules in biological materials and geochemical

profiles are viewed as recorders that can be used to

reconstruct ecological processes or to trace ecological

activities. Here, we review key short-, medium- and

long-term recording capacities of stable isotopes that

are currently being applied to ecological questions. The

melding of advances in genetics, biochemical profiling

and spatial analysis with those in isotope analyses and

modeling sophistication opens the door to an exciting

future in ecological research.
Introduction

From studies of the influences of decaying salmon on
nitrogen dynamics in Alaskan terrestrial ecosystems [1],
to tracing long-distance bird migration routes [2], to
reconstructing climate from tree rings [3], stable isotope
analyses are an important part of the ecologist’s toolbox
(Box 1). Since the 1970s, stable isotope analysis of
ecological materials has emerged as a quantitativemethod
that has transformed our understanding of ecological
systems and of environmental histories [4,5]. Awide range
of isotope applications in ecology is emerging through a
combination of analytical improvements during the late
1980s and an improved understanding of the factors
causing changes in the isotope abundances between
substrates and products (a process referred to as
fractionation). These applications are usually interdisci-
plinary in nature, drawing on data and ideas from
biochemistry, physiology, ecology, geochemistry and cli-
matology to determine the possible ecological interpret-
ations of isotopic data.

A common theme in ecological applications of stable
isotope analysis is the use of isotope ratios as a ‘recorder’
in biotic and abiotic molecules that is applied to
reconstruct ecological processes or trace ecological activi-
ties. Among the many examples, carbon isotope ratios
(d13C) of plant organic matter record environmental
effects on photosynthesis [6]; nitrogen isotope ratios
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(d15N) record dietary and trophic-level information in
animals [7] and nitrogen fixation in plant–microbe
symbioses [8]; and hydrogen (d2H) and oxygen isotope
ratios (d18O) record water-related dynamics in plants and
animals [9,10]. These recorders, the d13C, d15N, d18O, d2H
and d34S in biotic or abiotic molecules, provide an ‘isotopic
signature’ that is used to trace the movements of
nutrients, compounds, particles and organisms across
landscapes and between components of the biosphere, and
to reconstruct aspects of dietary, ecological and environ-
mental histories. Owing to the applicability of stable
isotope analyses to a range of questions in ecology and
evolution, there are many more exciting applications and
advances than can be addressed in a single publication.
We therefore highlight here the potential for stable
isotopes to provide short-, medium- and long-term
histories of ecological processes. We do this through
consideration of three broad topics: ecosystem processes,
animal interactions and spatial patterns.

Although our discussion focuses on isotope abundances
at natural levels, isotope labeling studies are also a keen
area of current research. For example, double-labeled
water injections continue to be the primary method for
quantifying water loss and metabolic rates of mammals in
natural field settings [11]. At the same time, the addition
of 15N-labeled substrates into streams provides one of the
most effective means for describing and quantifying the
rapid transformations and cycling of nitrogen within
aquatic ecosystems [12].
Elucidating aspects of the carbon cycle

Today’s atmospheric CO2 levels oscillate annually, but
have a clear upward trajectory as a result of fossil fuel
combustion [13]. Photosynthesis, respiration, fossil fuel
combustion and land-use changes all contribute to
atmospheric CO2 dynamics, with fluxes simultaneously
moving in both directions between the biosphere and the
atmosphere via photosynthesis and respiration [14].
Deciphering these CO2 dynamics requires more than
evaluating carbon fluxes between ecosystem compart-
ments. Photosynthesis, respiration and fossil fuel burning
all have different isotopic impacts on the atmosphere.
Here, measurements of the 13C and 18O contents of CO2

have provided a constraint that enables one to distinguish
between fluxes, thereby allowing, for example, a partition-
ing of net CO2 sink fluxes into terrestrial and marine
Review TRENDS in Ecology and Evolution Vol.21 No.7 July 2006
. doi:10.1016/j.tree.2006.04.002

mailto:jwest@biology.utah.edu
http://www.sciencedirect.com


Box 1. What are stable isotopes?

Isotopes are elements with unique atomic masses. That is, the

isotopes of a given element have the same number of protons, but

different numbers of neutrons. Stable isotopes are those isotopes of

an element that do not undergo radioactive decay, and most elements

have more than one stable isotope. For example, hydrogen has two:
2H and 1H (often called deuterium and, rarely, protium respectively),

with the lighter isotope being much more abundant. The average

abundances of the common ‘light’ stable isotopes on Earth are shown

in Table I.

The ‘light’ stable isotopes are of specific interest to ecological

studies because these are the primary elements comprising organic

matter, but the ‘heavy’ isotopes (e.g. of strontium) have also been

studied as recorders of natural processes. Stable isotope abundances

are typically expressed relative to a standard and as ratios of the rare

to common isotope in delta (d) notation (Equation I):

dZ
Rsample

Rstandard

K1

� �
!1000‰ [Eqn I]

where R is the molar ratio of the heavy to light isotope of the sample

and standard, for example (Equation II):

R Z
2H
1H

[Eqn II]

Stable isotopes are quantified in various ways, but the most common

method is with an isotope ratioing mass spectrometer: after

conversion of a sample to gaseous form, it is introduced into an

ionizing source, the mass spectrometer results are then compared to a

standard. Accepted standards used by the international community

include V-SMOW (Vienna Standard Mean Ocean Water) for hydrogen

and oxygen, PDB (Pee Dee Belemnite) for carbon, atmospheric air for

nitrogen and CDT (Canyon Diablo Troilite) for sulfur. These standards

can be obtained from the IAEA and are then used to calibrate

laboratory standards that are run with samples [67,68].

Table I. Average abundances of stable isotopes that are

important for understanding ecological systems

Element Isotope Average abundance (%)

Hydrogen 1H 99.985
2H 0.015

Carbon 12C 98.89
13C 1.11

Nitrogen 14N 99.63
15N 0.37

Oxygen 16O 99.759
17O 0.037
18O 0.204

Sulfur 32S 95.00
33S 0.76
34S 4.22
35S 0.014
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components at the global scale [15]. The cyclic, short-term
recorder nature of the d13C of CO2 in Figure 1 reveals the
dynamic ecosystem-scale offset between photosynthesis
and respiration. Because photosynthesis discriminates
against 13C, the seasonally changing balance between
photosynthesis and respiration is reflected in the d13C of
atmospheric CO2, with tropical latitudes having lower
amplitudes than do higher latitudes [13,14]. These global
perspectives would not have been possible without two
fundamental practices that have transformed meteorolo-
gical and oceanographic sciences, and will continue to
transform the ecological sciences: networks for data
collection and open data sharing. In addition, interpret-
ations of these isotope patterns only became clear after
models of the fractionation processes had been described
[16]. New applications of these isotope models have now
lead to a better understanding of the controls of ecosystem
and regional fluxes, such as the ways in which the
hydrological cycle impacts biospheric gas exchange [17],
as well as the generality of these patterns that enables
scaling across ecosystems [18].

For example, tree rings are medium-term recorders,
recording the impacts of weather and climate changes in
the cellulose of individual, annually produced rings
(Figure 1). Whereas primary productivity impacts are
recorded in ring width, the d13C of the rings record the
effects of stressors, such as water limitation of photosyn-
thesis [3]. Sugars formed in the leaf initially record the
effects of these climate stressors through the impacts of
those stressors on stomatal activity and, therefore, on the
leaf internal CO2 concentration (Box 2 [19]). These labile
effects on leaf sugars become permanently recorded when
sugars are transported to stems and recorded in the
cellulose of xylem [20].
www.sciencedirect.com
Mammalian teeth are another example of long-term
recorders of the presence of C3 plant- versus C4 plant-
dominated ecosystems across the landscape, an obser-
vation that has opened up a new area of ecological
research [21]. The d13C values of food sources become
locked as carbonates in the enamel of mammalian teeth
[22]. MacFadden [23] and Cerling et al. [24], among
others, have now used d13C of tooth enamel to document
evolutionary relationships among mammalian grazers of
various taxa based on diet. Although the global spread of
C4 ecosystems 6–8 million years ago is now accepted, the
drivers of that paleoecological change are still contested.
Cerling et al. [21], Ehleringer et al. [25] and Ehleringer
[13] have suggested that C4 ecosystems expanded in
response to a global reduction in atmospheric CO2, first
occurring in the warmest growing-season regions and
spreading poleward (Box 2). Pagani et al. [26] challenge
that interpretation, because they find no significant
changes in atmospheric CO2 over the past 30 million
years using a diatom isotope proxy. Huang et al. [27]
provided isotope evidence to suggest the role of seasonal
water availability as a driver for C4 expansion during the
last glacial period when atmospheric CO2 was lowest,
whereas Keeley and Rundel [28] have recently proposed
that fire is the major driver behind the expansion of C4
grasslands. This debate highlights the significant utility of
stable isotopes as recorders of a wide range of
ecological processes.
Insights into animal diet, trophic structure,

and nutrient transfers

Among the most numerous uses of stable isotopes in
ecology have been the applications to dietary patterns.
DeNiro and Epstein first pointed out that for animals, ‘You
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Figure 1. Time courses of representative stable isotope ratios in components of the biosphere. (a) Atmospheric CO2 d13C at a monthly resolution from the Mauna Loa

Observatory; (b) Annual oak Quercus robur tree ring cellulose d13C; and (c) Baleen d15N at every 2.5 cm from Balaena mysticetus. The x-axes on all plots are scaled to

represent 16 years of data [approximate for (c) where the x-axis is centimeters along a baleen plate sampled in 1996]. Data from http://cdiac.esd.ornl.gov/ (a); reproduced with

permission from [3] (b) and [35] (c).
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are what you eat, isotopically’ [29]. This observation has
resulted in many studies attempting to unravel the
dietary inputs of animals and providing semi-quantitative
information about dietary preferences. Applications of
stable isotopes to the study of trophic interactions have
been abundant, leading to wonderful opportunities for
meta-analyses and appropriate words of caution about
strict interpretations of the isotope data [7]. The easy
availability of isotope analyses has also resulted in studies
claiming questionable dietary preference and trophic
patterns. Phillips and colleagues [30] have now provided
a rigorous mathematical analysis of how to assess the
constraints involved in interpreting stable isotope ratio
data in dietary and trophic studies, particularly when not
all of the dietary sources (end members) are known and
when there is isotope overlap among food sources. These
studies have been particularly useful in pointing out the
www.sciencedirect.com
utility of, and limitations to, interpreting dietary isotope
ratio data.

The short-term isotope recorders of animal and
microbial activities are integrated products of recent
metabolism, such as CO2 in animal breath [22,31–33]
and phospholipid fatty acids in soil microbes [5]. In
animals, where food storage capacities are greater,
evidence suggests that the d13C of respiratory CO2 largely
reflects recent dietary inputs, enabling evaluations of
individual meals [34]. The use of open-chamber methods
at normal atmospheric CO2 levels has paved the way for
new studies of animal energetics and metabolism [32].
Equally exciting, stable isotope probing approaches to
studying soil microbes have provided new opportunities
for ecologists to examine functional soil ecology, answering
questions such as which sets of soil organisms are
activated in response to different resource pulse events [5].

http://cdiac.esd.ornl.gov/
http://www.sciencedirect.com


Box 3. Isotope hydrology models

Harmon Craig, a pioneering geochemist from the Scripps

Institution of Oceanography (http://sio.ucsd.edu/), provided the

initial key observations of the hydrological cycle that ecologists,

hydrologists and climatologists were later to expand upon.

Along with the observations of Willi Dansgaard and Irving

Friedman, Craig’s observations in 1961 of the hydrogen and

oxygen isotope patterns in precipitation provided the foundation

for most subsequent isotope hydrology studies [70–72]. Isotopic

fractionation accompanying the liquid–vapor phase transition

was identified as the key process leading to preferential

accumulation of the heavy isotopes 2H and 18O within liquid

water, be it in the ocean, lakes, rain droplets in clouds, or leaves

of plants [73–75]. Evaporation and condensation have been

shown to involve several discrete physical processes with

distinct isotope effects, including equilibrium and kinetic phase

transitions, and diffusive and advective transport, which together

control the relative proportions of each isotopomer (e.g. 2H1HO

versus 1H1HO) during evaporation [6]. These effects produce the

‘global meteoric water line’ (GMWL): d2HZd18O*8C10. The

GMWL is an empirically derived equation that explains much

of the variation in meteoric water and is itself explained by these

isotope effects as water moves through the global water

cycle [46].

Dansgaard [71] described the four major drivers of variation in

precipitation stable isotope ratios: altitude, latitude, distance from

coast, and amount of precipitation, with temperature being the

dominant factor driving these spatial patterns in isotope ratio

variation [76]. Although this synthetic model of the phase change

process was developed early, and has largely stood the test of time,

our understanding and models of the underlying physical isotope

effects continue to be refined (e.g. [77,78]). These ongoing modeling

efforts synthesize the evaporation and condensation fluxes at scales

from individual storms to global hydroclimatology. A range of

approaches has been pursued, from mass-balance models applied

to specific storms or atmospheric systems [79], to empirically

derived relations used to predict continental- to global-scale water

isotope distributions (Figure 2, main text; [44]), to first-principles

parameterizations incorporated within state-of-the-art general

circulation models (e.g. [75]). Each approach has its own merits,

and these analyses provide predictive frameworks within which

spatial data on atmospheric water isotope ratios can be interpreted.

Box 2. Photosynthesis and carbon isotope ratios

The fixation of CO2 by Rubisco has a competing reaction: that of

oxygen fixation and the net release of CO2 [13]. This is known as

photorespiration and decreases net photosynthesis. The competing

oxygenase reaction is significant (i.e. photorespiration reduces net

photosynthesis) when O2:CO2 ratios exceed ca. 400, or w500 ppmV

CO2 for the modern atmosphere. Therefore, during interglacial and

glacial periods, when atmospheric CO2 was w280 and 180 ppmV,

respectively, significant photorespiration occurred during C3 photo-

synthesis. A response to this condition was the evolution of C4

photosynthesis, where the site of CO2 fixation and CO2 reduction are

spatially separated. In this process, CO2 is enriched in the plant in

bundle sheath cells so that photorespiration is suppressed. The

isotope effect of this adaptation is enormous: CO2 fixation occurs in a

closed environment so no, or very little, discrimination by Rubisco

occurs, as it does in C3 photosynthesis. C4 plants therefore have a

d13C value of approximately K12‰ compared with the typical value

of K27‰ for C3 plants

Because C4 photosynthesis occurs principally in monocots,

particularly the grasses, the isotope distinction between C4

grasses and C3 browse (i.e. leaves of shrubs and trees) is

important in modern dietary studies. Because stable carbon

isotope ratios are preserved in bioapatite (a primary component

of bones and teeth), collagen, muscle, hair and other tissues, it

serves as a recorder of diet changes over long and short

timescales. For example, elephant hair provides a sensitive

recorder of diet change associated with changes in rainfall

whereby elephants become predominantly grazers for only a few

weeks of the year at the beginning of rainy season [69].
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Dynamic short-term dietary activities of mammals
become permanently and sequentially recorded in keratin,
a medium-term recorder. Here, diet and animal move-
ments at daily to weekly timescales become recorded in
the baleen of whales [35] and hair segments of other
mammals [22,31,36]. The keratin of feathers is equally
important as a recorder of dietary inputs and source water
associated with a particular location [37], but because
feathers are not continuously produced, their utility in
diet reconstruction is less useful than continuously
growing protein, such as the keratin that forms finger-
nails, hair, or baleen. Recently, Cerling et al. [38] have
highlighted the use of d13C and d15N in elephant hairs, in
conjunction with global-positioning devices, to reconstruct
the diets of individual elephants as they roam across the
landscape. This information is relevant to wildlife
management at the human interface and can be of
significant benefit to conservation efforts. Passey and
colleagues [39] have developed new, powerful mathemat-
ical techniques that enable ecologists to reconstruct more
precisely discrete dietary patterns using the biological
record of animal tissues, such as would be expected with
migratory events.

A novel interpretation of the long-term records found in
soil nitrogen isotopes is the identification of marine
nitrogen inputs to the functioning of freshwater riparian
ecosystems [1,40,41]. Here, stable isotopes demonstrate
the importance of nitrogen and other nutrients derived
from decaying salmon on riparian productivity, linking
marine animal diets to terrestrial ecosystem function.
These studies, and others like them, represent a large-
scale perspective on how resources are transported across
landscapes. Isotope ratios enable the origins of the
nitrogen to be identified, and the quantification of the
www.sciencedirect.com
effects on the nitrogen cycling of these inland terrestrial
ecosystems far from the marine nitrogen source.
The spatial isotope fingerprint of water

The stable isotopes of hydrogen and oxygen in water also
serve as important recorders of hydrological and ecological
processes. Because of the overriding control of tempera-
ture on precipitation isotope ratios, their spatial variation
exhibits predictable patterns over the surface of the Earth
(Box 3). Networks of data collection, especially the
International Atomic Energy Association’s (IAEA) iso-
topes in precipitation network (http://isohis.iaea.org/; [42])
have enabled the generation of spatial maps of this
variation [43]. Recent model improvements have produced
spatially continuous grids that have relatively small
confidence intervals for much of the surface of the Earth
[44]. An example map produced using this algorithm is
shown for North America in Figure 2. The values in this
map represent essentially static, multi-decadal expected
means. As such, although not representing the dynamic
nature of individual storms or between individual years,
and lacking such effects as long-distance transport in
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Figure 2. Spatially continuous predictions of precipitation d18O across North

America at a 10 arc minute resolution (1/6th of a degree latitude and longitude).

Briefly, these continuous grids (produced for the surface of the Earth and available

at http://waterisotopes.org) are the result of a ‘detrended interpolation’ method.

This method combines empirical relationships between precipitation isotope ratios

(primarily obtained from the IAEA network of isotopes in precipitation) and latitude

and altitude with a smoothing algorithm for the residual variation (for more

information, see [44]).
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rivers [45], they can represent ‘average’ surface waters for
a region.

These spatially continuous maps of precipitation
isotope ratios now provide the opportunity to evaluate
ecological processes across space and time at several
scales. For example, if one assumes that the grids are
reasonable proxies for plant source water, then the effects
of time-varying climate on spatial patterns in leaf water
isotope ratios can be modeled. Leaf water stable isotope
ratios represent a temporally dynamic component of
terrestrial ecosystems and are thus short-term recorders.
The application of the Craig-Gordon model (Box 3 [46]) to
leaf water enrichment (e.g. [47,48]) was a crucial step in
our understanding of leaf water isotopic enrichment.
Several recent modifications of these models have been
explored to account for their disagreement with empirical
data (e.g. [49]) and non-steady state models might yet
yield finer temporal scale information (e.g. [50]), enabling
the integration of spatial isotope and climate maps to
predict spatial patterns in leaf water stable isotope ratios.

Detailed simulation models of the stable isotope ratios
of many atmospheric gases depend on estimates of leaf
water isotope ratios [51,52], because gases in the
atmosphere cycle through plants and, in so doing, acquire
an isotopic signature that reflects that passage. CO2, for
example, exchanges with leaf water at a rate that is
dependent on the concentration of carbonic anhydrase, the
spatial variation in which has also been modeled at the
global scale [53]. This exchange enables this relatively
short-term recorder, d18O in atmospheric CO2, to be used
www.sciencedirect.com
to estimate terrestrial productivity, as well as, potentially,
the contributions of C3 versus C4 plants over
land surfaces.

Leaf water is also the medium in which photosynthesis
occurs, a process that can be seen as ‘fixing’ the labile leaf
water signal into more stable carbohydrates, because
plant water supplies the oxygen and hydrogen atoms
incorporated into plant organic molecules initially by
photosynthesis. These products of photosynthesis are
precursors to other plant organic compounds, resulting
in a range of plant compounds that are medium-term
recorders of plant source water isotope ratios and climate.
As with d13C, the d2H and d18O of cellulose in tree rings
has been explored most actively in this regard [20], as
have plant lipids [54]. Some recent work on the spatial
sources and d13C of n-alkanes [55], and their connection to
terrestrial biospheric 13C discrimination [56] is also
exciting and, if extended to what is known about n-alkane
hydrogen isotopes (e.g. [57]), could yet yield greater
insights into biospheric processes and the effects of
environmental perturbations.

Animals also ingest water and incorporate it into stable
organic compounds in their tissues [58]. This incorpor-
ation has been exploited most extensively to track
important ecological factors such as migration routes
and metabolic processes in migrating animals [2]. More
effort directed at understanding fundamental isotope
effects associated with synthesis of organic tissues in
animal tissues could provide a wealth of information for
animal ecology. A synthetic animal body water isotope
ratio model has been published [9] and has been applied
primarily to fossil bone and enamel to reconstruct
paleoclimates [59]. Significant promise exists for the
further development of this field in new analytical
techniques that enable the routine isotopic analysis of
individual amino acids (e.g. [60]) that could lead to
fundamental developments furthering predictive appli-
cations in animal isotope ecology.

Exciting futures lie ahead

Technological advances will continue to provide new
opportunities and applications for stable isotope studies
throughout ecology. Innovations that increase the
sampling frequency, decrease sample size, enable com-
pound-specific analysis and field sampling in harsh
conditions all promise exciting new avenues of inquiry
[61–63]. Combining stable isotope methods with genetic
approaches, such as the stable isotope probing of nucleic
acids for studying soil microorganism functioning [64], or
combining microsatellites and stable isotopes to study the
population dynamics of birds [65], are great examples of
the tremendous potential in stable isotope methods to
answer what were previously difficult or impossible to
answer ecological questions. Novel approaches to old
questions, such as niche size [66], are also likely to emerge
as more ecologists apply stable isotope methods to their
areas of research. In addition, the expansion of isotope
studies to encompass regional and global scales will
continue to grow in importance as ecologists collaborate
with atmospheric scientists in tackling questions about
the functioning of human-dominated biosphere.

http://waterisotopes.org
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Large spatial scales require networks of data collection
as well as the development of data assimilation methods
and mechanistic models that can interpret and predict
these spatial patterns (e.g. http://isoscapes.org). It seems
clear that global networks such as GEWEX (http://www.
gewex.org) or national networks such as NEON in the
USA (http://www.neoninc.org/) should be encouraged, as
they represent important steps in exploiting the potential
wealth of information to be found in the isotopic records of
natural systems.

We believe that, in addition to the technological
improvements that will continue to advance ecology, the
solid theoretical underpinnings built over the past several
decades now provide an opportunity to extend the
modeling of stable isotope ratios to a wider range of
spatial and temporal scales. This future depends, of
course, on the continued development of models of isotope
fractionation in nature, in conjunction with other
measurements, to inform our understanding of changes
on continental and global scales.
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