Stable Isotopes in Ecology
and Environmental Science

SECOND EDITION

EDITED BY

ROBERT MICHENER
AND KATE LAJTHA

’ Blackwell
’ Publishing






STABLE ISOTOPES
IN ECOLOGY AND
ENVIRONMENTAL SCIENCE



ECOLOGICAL METHODS AND CONCEPTS SERIES

This series, successor to the Methods in Ecology series edited by John Lawton and Gene
Likens, presents the latest ideas and techniques across the whole field of ecology and
their application, from genetic to the global, from pest management to policy
development. Books may be single- or multi-authored and will address emerging new
areas within the field as well as updating well-established areas of endeavour. The new
Series Editor is Professor Roger Kitching of Griffiths University, Brisbane, who will
welcome suggestions for works within the series. Email: r.kitching@griffin.edu.au

Ecological Methods and Concepts Series

Stable Isotopes in Ecology and Environmental Science
Second edition, 2007
Edited by Robert Michener and Kate Lajtha

Forthcoming

Litter Decomposition in Aquatic Ecosystems
Edited by Mark Gessner

Vegetation Classification and Survey
Andrew Gillison

An Introduction to Ecological and Evolutionary Modelling: Time and Space
Michael Gillman

Canopy Science: Concepts and Methods
Edited by John Pike and James Morison

Methods in Ecology Series

Insect Sampling in Forest Ecosystems
2005
Edited by Simon Leather

Molecular Methods in Ecology
2000
Edited by Allan J Baker

Population Parameters: Estimation for Ecological Models

2000

Hamish McCallum

Biogenic Trace Gases: Measuring Emissions from Soils and Water

1995

Edited by PA Matson and RC Harriss

Geographical Population Analysis: Tools for the Analysis of Biodiversity
1994

Brian A Maurer



Stable Isotopes in Ecology
and Environmental Science

SECOND EDITION

EDITED BY

ROBERT MICHENER
AND KATE LAJTHA

’ Blackwell
’ Publishing



© 2007 by Blackwell Publishing Ltd

BLACKWELL PUBLISHING

350 Main Street, Malden, MA 02148-5020, USA
9600 Garsington Road, Oxford 0X4 2DQ, UK

550 Swanston Street, Carlton, Victoria 3053, Australia

The right of Robert Michener and Kate Lajtha to be identified as the Authors of the Editorial Material
in this Work has been asserted in accordance with the UK Copyright, Designs, and Patents Act 1988.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or
transmitted, in any form or by any means, electronic, mechanical, photocopying, recording or
otherwise, except as permitted by the UK Copyright, Designs, and Patents Act 1988, without the prior
permission of the publisher.

Designations used by companies to distinguish their products are often claimed as trademarks. All
brand names and product names used in this book are trade names, service marks, trademarks, or
registered trademarks of their respective owners. The publisher is not associated with any product or
vendor mentioned in this book.

This publication is designed to provide accurate and authoritative information in regard to the subject
matter covered. It is sold on the understanding that the publisher is not engaged in rendering
professional services. If professional advice or other expert assistance is required, the services of a
competent professional should be sought.

First published 2007 by Blackwell Publishing Ltd
1 2007
Library of Congress Cataloging-in-Publication Data

Stable isotopes in ecology and environmental science / edited by Robert

Michener and Kate Lajtha. — 2nd ed.

p. cm.

Includes bibliographical references and index.

ISBN-13: 978-1-4051-2680-9 (pbk. : alk. paper)

ISBN-10: 1-4051-2680-9 (pbk. : alk. paper)

1. Stable isotopes in ecological research. 1. Michener, Robert H. 1II. Lajtha, Kate.

QH541.15.568L35 2007
577.072—dc22
2006100366

A catalogue record for this title is available from the British Library.

Set in 9.5 on 12 pt Meridien

by SNP Best-set Typesetter Ltd., Hong Kong
Printed and bound in Singapore

by C.O.S. Printers Pte Ltd

The publisher’s policy is to use permanent paper from mills that operate a sustainable forestry policy,
and which has been manufactured from pulp processed using acid-free and elementary chlorine-free
practices. Furthermore, the publisher ensures that the text paper and cover board used have met
acceptable environmental accreditation standards.

For further information on
Blackwell Publishing, visit our website:
www.blackwellpublishing.com



Contents

Contributors, x
Abbreviations, xiii

Introduction, xvii

1 Stable isotope chemistry and measurement: a primer, 1
Elizabeth W. Sulzman

Introduction, 1

What isotopes are, what makes them distinct, 1

Properties of ecologically useful stable isotopes, 11

Technological advances and current trends in the
ecological use of isotopes, 14

Acknowledgments, 18

References, 18

2 Sources of variation in the stable isotopic composition
of plants, 22
John D. Marshall, J. Renée Brooks, and Kate Lajtha

Introduction, 22

Carbon isotopes, 22

Nitrogen isotopes, 35

Hydrogen and oxygen isotopes, 39
Conclusions, 49

References, 50

3 Natural ®N- and “C-abundance as indicators of forest
nitrogen status and soil carbon dynamics, 61
Charles T. Garten, Jr, Paul J. Hanson, Donald E. Todd, Jr,
Bonnie B. Lu, and Deanne J. Brice

Introduction, 61
Significance of "’N-abundance to soil carbon sequestration, 63



vi

CONTENTS

Vertical changes in soil ’C-abundance and soil carbon
dynamics, 69

Conclusions, 77

Acknowledgments, 77

References, 77

Soil nitrogen isotope composition, 83
R. Dave Evans

Introduction, 83

Sources of variation in soil 8°N, 83

Patterns of soil nitrogen isotope composition, 91
Conclusions, 94

References, 95

Isotopic study of the biology of modern and fossil
vertebrates, 99
Paul L. Koch

Introduction, 99

Vertebrate tissues in the fossil record, 100

Controls on the isotopic composition of vertebrate tissues, 105

Preservation of biogenic isotope compositions by vertebrate
fossils, 119

Paleobiological applications, 123

Conclusions, 138

A post-script on workshops and literature resources, 138

References, 139

Isotopic tracking of migrant wildlife, 155
Keith A. Hobson

Introduction, 155

Basic principles, 156

Marine systems, 159

Terrestrial systems (excluding deuterium), 161
Using deuterium patterns in precipitation, 163
Conclusions, 169

References, 170

Natural abundance of ”N in marine planktonic
ecosystems, 176
Joseph P. Montoya



CONTENTS vii

10

Introduction, 176

Background, 177

Isotopic variation in marine nitrogen, 178

Source delineation and isotope budgets, 186
Animal fractionation and food web processes, 187
Isotopic transients in marine systems, 189
Compound-specific nitrogen isotope analyses, 191
Conclusions, 193

Acknowledgment, 194

References, 194

Stable isotope studies in marine chemoautotrophically
based ecosystems: An update, 202
Cindy Lee Van Dover

Introduction, 202

Isotopic tracing of carbon at methane seeps, 209
Whale falls, 219

Hydrothermal vents, 221

Conclusions, 226

References, 230

Stable isotope ratios as tracers in marine food webs:
An update, 238
Robert H. Michener and Les Kaufman

Introduction, 238

Methods of assessing food webs, 238

Phytoplankton and particulate organic carbon, 246
Phytoplankton and particulate organic nitrogen, 248
Marine food webs, 252

Stable isotopes in marine conservation biology, 261
Conclusions, 269

Acknowledgments, 270

References, 270

Stable isotope tracing of temporal and spatial variability
in organic matter sources to freshwater ecosystems, 283
Jacques C. Finlay and Carol Kendall

Introduction, 283
Overview of river food webs and stable isotope
approaches, 284



viil

CONTENTS

11

12

13

Stable isotope ratios of organic matter sources in stream
ecosystems, 289

C, N, and S isotopic variability and its applications in river
ecology, 308

Conclusions, 323

Acknowledgments, 324

References, 324

Stable isotope tracers in watershed hydrology, 334
Kevin McGuire and Jeff McDonnell

Introduction, 334

Basic concepts in watershed hydrology, 334

Why are stable isotopes needed?, 342

General concepts in isotope hydrology, 342

Applications of isotope hydrology in watershed and
ecosystem studies, 356

Conclusions, 364

Acknowledgments, 365

References, 365

Tracing anthropogenic inputs of nitrogen to ecosystems, 375
Carol Kendall, Emily M. Elliott, and Scott D. Wankel

Introduction, 375

Isotopic compositions of major N sources to ecosystems, 380

Processes affecting the isotopic composition of DIN, 393

Separating mixing of sources from the effects of cycling, 407

Applications to different environmental settings, 413

What sources of agricultural and urban sources of nitrate
can be distinguished using isotopes?, 422

Other tools for tracing anthropogenic contaminants, 427

Conclusions, 433

References, 435

Modeling the dynamics of stable-isotope ratios for
ecosystem biogeochemistry, 450
William S. Currie

Introduction, 450
Designing consistent model-data linkages and
comparisons, 454



CONTENTS ix

14

Principles and techniques of stable isotope modeling, 461
Conclusions, 474

Acknowledgments, 476

References, 476

Compound-specific stable isotope analysis in ecology

and paleoecology, 480

Richard P. Evershed, Ian D. Bull, Lorna T. Corr, Zoe M. Crossman,
Bart E. van Dongen, Claire J. Evans, Susan Jim, Hazel R. Mottram,
Anna J. Mukherjee, and Richard D. Pancost

Introduction, 480

Why use compound-specific stable isotopes?, 481

Analytical considerations in compound-specific stable
isotope analysis, 482

Applications of compound-specific stable isotope approaches
in ecology and paleoecology, 498

Conclusions, 524

References, 526

Index, 541



Contributors

J. Renée Brooks

Deanne J. Brice

Tan D. Bull

Lorna T. Corr

Zoe M. Crossman

William S. Currie

Emily M. Elliott

Claire J. Evans

R. Dave Evans

Richard P. Evershed

US EPA/NHEERL, Western Ecology Division, 200
SW 35th St, Corvallis, OR 97333, USA

Oak Ridge National Laboratory, Environmental
Sciences Division, Oak Ridge, TN 37831-6038, USA

Organic  Geochemistry Unit, Biogeochemistry
Research Centre, School of Chemistry, University of
Bristol, Cantock’s Close, Bristol BS8 1TS, UK

Organic  Geochemistry Unit, Biogeochemistry
Research Centre, School of Chemistry, University of
Bristol, Cantock’s Close, Bristol BS8 1TS, UK

Organic  Geochemistry Unit, Biogeochemistry
Research Centre, School of Chemistry, University of
Bristol, Cantock’s Close, Bristol BS8 1TS, UK

University of Michigan, School of Natural Resources
& Environment, Dana Building, 440 Church Street,
Ann Arbor, MI 48109-1041, USA

Department of Geology and Planetary Science, 4107
O’Hara Street, University of Pittsburgh, Pittsburgh,
PA 15260-3332, USA

Organic  Geochemistry Unit, Biogeochemistry
Research Centre, School of Chemistry, University of
Bristol, Cantock’s Close, Bristol BS8 1TS, UK

Washington State University, School of Biologi-
cal Sciences, P.O. Box 644236, Washington State
University, Pullman, WA 99164-4236, USA

Organic  Geochemistry Unit, Biogeochemistry
Research Centre, School of Chemistry, University



CONTRIBUTORS xi

Jacques C. Finlay

Charles T. Garten

Paul J. Hanson

Keith A. Hobson

Susan Jim

Les Kaufman

Carol Kendall

Paul Koch

Kate Lajtha

*Bonnie B. Lu

John D. Marshall

Jeff McDonnell

*Retired.

of Bristol, Cantock’s Close, Bristol BS8 1TS,
UK

University of Minnesota, Department of Ecology,
Evolution and Behavior, 1987 Upper Buford Circle,
St Paul, MN 55108, USA

Oak Ridge National Laboratory, Environmental
Sciences Division, Oak Ridge, TN 37831-6038, USA

Oak Ridge National Laboratory, Environmental
Sciences Division, Oak Ridge, TN 37831-6038, USA

Environment Canada, 11 Innovation Blvd, Saska-
toon, SK S7N 3HS5, Canada

Organic  Geochemistry Unit, Biogeochemistry
Research Centre, School of Chemistry, University of
Bristol, Cantock’s Close, Bristol BS8 1TS, UK

Boston University, Department of Biology, Boston
MA 02215, USA

US Geological Survey, 345 Middlefield Rd, MS 434,
Menlo Park, CA 94025, USA

University of California, Santa Cruz, Isotope
Biogeochemistry and Vertebrate Paleontology, Earth
Sciences, E&EMS A250, Santa Cruz, CA 95064, USA

Editor in Chief, Biogeochemistry, Director, Environ-
mental Sciences Program, Department of Botany
and Plant Pathology, Oregon State University, Cor-
vallis, OR 97331, USA

Oak Ridge National Laboratory, Environmental
Sciences Division, Oak Ridge, TN 37831-6038, USA

University of Idaho, Department of Forest Resources,
Moscow, ID 83844, USA

Oregon State University, Department of Forest
Engineering, 015 Peavy Hall, Corvallis, OR 97331-
5706, USA



xii CONTRIBUTORS

Kevin J. McGuire

Robert H. Michener

Joseph P. Montoya

Hazel R. Mottram

Anna J. Mukherjee

Richard D. Pancost

Elizabeth W. Sulzman

Donald E. Todd

Bart E. van Dongen

Cindy Lee Van Dover

Scott D. Wankel

USDA Forest Service, Northeastern Research, North-
eastern Research Station, Center for the Environ-
ment, Plymouth State University, 208 Boyd Science
Center, MSC 63, 17 High Street, Plymouth, NH
03264, USA

IRMS Laboratory Manager, Boston University
Stable Isotope Laboratory, Department of Biology, 5
Cummington St, Boston, MA 02215, USA

Georgia Institute of Technology, School of Biology,
310 Ferst Drive, Atlanta GA 30332-0230, USA

Organic  Geochemistry Unit, Biogeochemistry
Research Centre, School of Chemistry, University of
Bristol, Cantock’s Close, Bristol BS8 1TS, UK

Organic  Geochemistry Unit, Biogeochemistry
Research Centre, School of Chemistry, University of
Bristol, Cantock’s Close, Bristol BS8 1TS, UK

Organic  Geochemistry Unit, Biogeochemistry
Research Centre, School of Chemistry, University of
Bristol, Cantock’s Close, Bristol BS8 1TS, UK

Oregon State University, Department of Crop and
Soil Science, 3017 Agricultural and Life Science
Building, Oregon State University, Corvallis, OR
97331, USA

Oak Ridge National Laboratory, Environmental
Sciences Division, Oak Ridge, TN 37831-6038, USA

Organic  Geochemistry Unit, Biogeochemistry
Research Centre, School of Chemistry, University of
Bristol, Cantock’s Close, Bristol BS8 1TS, UK

Director, Duke University Marine Laboratory,
Nicholas School of the, Environment and Earth
Sciences, 135 Marine Lab Rd, Beaufort NC 28516,
USA

U. S. Geological Survey, 345 Middlefield Road, MS
434, Menlo Park, CA 94025, USA



Abbreviations

ANPP
ANCA-MS

BMP
BSR
BSTFA
BTEX
CAM
CDT

CF-GC/C/IRMS

CF-IRMS
CP/MAS
DHAP
DI-IRMS
DIC

DIN
DNRA
DOC
DON
EA-IRMS
EBM
EMMA
FAME
FEBS
GC-C-IRMS
GIS
GMWL
GNIP
HPLC
TAEA
ICP-MS
IHS
IRGA

above-ground net primary production
automated nitrogen and carbon analyzer mass
spectrometry

best management practice

Bottom Simulating Reflector
N,O-bis(trimethylsiyl)trifluoroacetamide
benzene, toluene, ethylbenzene, and xylenes
Crassulacean acid metabolism

Canyon Diablo Troilite

continuous-flow gas chromatography/combustion/
isotope ratio mass spectrometry

continuous flow isotope ratio mass spectrometer
cross polarization magic-angle-spinning
dihydroxyacetone phosphate

dual-inlet isotope ratio mass spectrometer
dissolved inorganic carbon

dissolved inorganic nitrogen

dissimilatory reduction of NO;~ to ammonium
dissolved organic carbon

dissolved organic nitrogen

elemental analyzer isotope ratio mass spectrometry
ecosystem-based management

End Member Mixing Analysis

fatty-acid methyl esters

Federation of European Biochemical Societies
gas chromatography combustion-IRMS
geographic information systems

global meteoric water line

global network of isotopes in precipitation
high-performance liquid chromatograph
International Atomic Energy Association
inductively coupled plasma mass spectrometry
isotopic hydrograph separations

infrared gas analyzer

xiil



Xiv ABBREVIATIONS

IRMS
KE

KIE
LAG
LAVD
LMWL
LTER
MDF
MIF
MPA
MTBE
NADP
NAIP
NESIS
NICCCE

NMR
NTFA-IP
PAN
PCR
PEP
PMIs
POC
POM
PON
PN
PLFAs
RCC
SEM
SIA
SIMS
SIP
SOB
SOM
SRB
tBDMS
TCA
TDLAS
TEF
TFA
TLE
TMS
TOE-SIMS
TRACE

isotope ratio mass spectrometer

kinetic energy

kinetic isotope effect

lines of arrested growth

leaf area vapor deficit

local meteoric water lines

Long Term Ecological Research

mass dependent fractionations

mass independent fractionation

Marine Protected Area

methyl fert-butyl ether

National Atmospheric Deposition Program
N-acetyl iso-propyl

Non-Equilibrium Stable Isotope Simulator
Nitrogen Isotopes and Carbon Cycling in Coniferous
Ecosystems

nuclear magnetic resonance
N-trifluoroacetyl iso-propyl

peroxyacetyl nitrate

polymerase chain reaction
phosphoenolpyruvate
pentamethylicosanes

particulate organic carbon

particulate organic matter

particulate organic nitrogen

particulate nitrogen

phospholipids fatty acids

River Continuum Concept

standard errors of measurement

stable isotope analysis

secondary ion mass spectrometry

stable isotope probing

sulfide-oxidizing bacteria

soil organic matter

sulfate-reducing bacteria
tert-butyldimethylsilyl

tricarboxylic acid

tunable diode laser absorption spectroscopy
trophic enrichment factor

trifluoroacetyl

total lipid extraction

trimethylsilylation

time-of-flight secondary ion mass spectrometry
Tracer Redistributions Among Compartments in Ecosystems



ABBREVIATIONS

XV

TTD
V-PDB
V-SMOW
WMO
WUE

travel time distribution

Vienna Pee Dee Belemnite

Vienna Standard Mean Ocean Water
World Meteorological Organization
water-use efficiency






Introduction

Since the first edition of our book, the field of stable isotopes has expanded
tremendously. From its earliest uses, geochemists and paleooceanographers
have developed a rigorous theoretical and empirical basis for the integration
of isotopes into studies of global element cycles, past climatic conditions,
hydrothermal vent systems, and tracing rock sources. Similarly, plant biolo-
gists, ecologists, and environmental chemists have developed the theoretical
framework and the empirical database for the use of isotopes to study plants
and animals. Natural abundance isotope signatures can be used to find pat-
terns and mechanisms at the single organism level as well as to trace food
webs, understand paleodiets, and follow whole ecosystem nutrient cycling in
both terrestrial and marine systems. As a consequence, isotopic analysis has
really become almost a standard tool for physiologists, ecologists, and all sci-
entists studying element or material cycling in the environment.

As access to isotope ratio mass spectrometers has increased and prices for
sample analysis have decreased, ecologists from a broad range of disciplines,
not necessarily trained as isotope chemists, have increasingly added stable
isotope analysis as another tool in their research. This second edition is
intended as a review and assessment of the theory and practice of stable
isotope analysis in a variety of ecological disciplines, with suggestions for both
generalist ecologists who might be considering including such analyses to
their studies, as well as for the more experienced isotope ecologist who is
pioneering new uses and new directions in the field. We have taken a look
at the field, and have chosen topics that are basic to ecologists, as well as
new and emerging uses of stable isotope analysis in a variety of ecological
subdisciplines. We have started with an excellent primer by Elizabeth Sulzman
for those of you who are new to the field or who are teaching an introduc-
tory course in stable isotopes. From here, the book is divided into several
broad areas beginning with terrestrial systems. John Marshall and his col-
leagues look at the variation of stable isotopes in plants. The next chapter by
Charles Garten and colleagues looks at forest status and soil carbon dynamics,
followed by Dave Evan’s in-depth discussion of nitrogen isotopes in soil
systems. Moving on to things both alive and fossilized, Paul Koch discusses
the use of isotopes in the biology of vertebrates. Keith Hobson then discusses
how migratory organisms can be traced using stable isotopes. The next three

xvii



xviil INTRODUCTION

chapters involve the marine environment, beginning with Joe Montoya’s
discussion of nitrogen in planktonic systems. Cindy Van Dover looks at the
extreme environments of chemoautotrophic-based systems. Bob Michener
and Les Kaufman discuss the use of stable isotopes in marine food webs, and
how isotopes can be applied to marine conservation and management. Back
on land, we take a look at freshwater systems and hydrology. Jacques Finlay
and Carol Kendall apply isotopes to freshwater ecosystems, looking at both
temporal and spatial variability in organic matter sources. Kevin McGuire
and Jeff McDonnell take a look at where water goes when it rains, using
isotopes as tracers in watershed hydrology. Following this, Carol Kendall and
her colleagues discuss where the nitrogen goes, looking at the impact of
anthropogenic N to ecosystems, especially as it applies to watersheds. Next,
given the volume of data scientists can now generate, Bill Currie explores
how to use that data to model ecosystem dynamics. We finish the book with
a comprehensive chapter on compound-specific uses of stable isotopes put
together by Richard Evershed and his colleagues.

Methods from a historical perspective

Many ecologists using stable isotopes will, and perhaps should, choose to
send their samples to outside laboratories that specialize in the analysis of
stable isotopes. Although the price of instrumentation has decreased, the
costs for an individual to set up this type of laboratory are still quite high;
typical startup budgets can be as high as $500,000. Maintenance of the mass
spectrometer and the costs of having a full time, trained laboratory manager
to run the laboratory (a necessity) are also steep. One can contrast this to
the analysis costs of a typical study, which could be about $1000-$10,000
(with per sample charges averaging $7-$80, depending on the sample matrix
and isotope in question). For many scientists it is much more cost-effective
to use an outside laboratory.

Since the first edition, many of the methods to analyze samples have been
automated, allowing for larger numbers of samples to be measured more
quickly and inexpensively. More of this is covered in greater detail in chapters
1 and 14, and will be briefly discussed here. However, it is also useful to take
a look at how scientists used to measure stable isotopes just 20 years ago, to
give one an appreciation for how far the field has come, as well as seeing
how it was done in the “dark ages” of stable isotope analysis. Fortunately,
we have come a long way from the chart recorder and ruler! For those of
you who are brand-new to the field and are not quite sure what mass spec-
trometers or stable isotopes are, we encourage you to first read chapter 1, an
introduction to the terminology and chemistry of stable isotopes. After that,
feel free to come back and get a historical perspective on stable isotope
analysis.
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Methods of sample preparation vary for each isotope. The goal in stable
isotope analysis is to convert a sample quantitatively to a suitable purified
gas (typically CO,, N,, or H,) that the mass spectrometer can analyze. Sulfur
can be analyzed as SO, or SF,. Usually, organic samples are first dried (either
in a 60°C oven or freeze-dried) and then ground to a fine powder. The
samples can then be stored indefinitely in closed containers (such as scintil-
lation vials or plastic bags), provided they are kept dry. If the investigator is
interested in carbon isotopes for samples that may contain inorganic carbon-
ates, the samples must first be acidified (usually with 1 N HCI, although some
investigators are using dilute H;PO,; Showers & Angle 1986), since carbonate
isotopic values are quite distinct from organic values and will skew the results
(Haines & Montague 1979; Fry 1988).

Carbon and nitrogen in organic matter

In the early days of stable isotope measurement, most researchers used an
oxidation reaction either “off-line” (sealed tubes in a muffle furnace, referred
to as a Dumas combustion) or “on-line” (sample preparation line connected
directly to the mass spectrometer) to combust the organic sample to a gas.
The off-line combustion involves mixing the sample (typically 5-20mg,
depending on the sample’s organic content) with an oxidant, usually cupric
oxide, in a vycor (quartz) tube. In this procedure the sample must be in
intimate contact with the CuO, which can be done in several ways: shaking
the sample vigorously with the CuO within the tube (Fogel “shake method”,
M. Fogel, pers. comm.), grinding both in a mortar and pestle, or using a Wig-
L-bug (Crescent Dental Manufacturing, Lyons, Illinois, USA). Shaking or
using a Wig-L-bug is preferred, since there is less chance of sample cross-
contamination. Approximately 1g of CuO is used, then about 0.5g of Cu is
placed on top of the sample mix within the vycor tube in order to absorb the
excess oxygen and convert N,O to N,. Once all sample tubes are prepared,
they are then sealed under vacuum and combusted at 900°C for 1-2h in a
mutffle furnace, and allowed to cool overnight to room temperature. It is then
possible to cryogenically separate and purify the combined gases of CO,, N,,
and H,O (Stump & Frazer 1983; Boutton et al. 1983; Minagawa et al. 1984;
Nevins et al. 1985). With manual samples, this can be done on a vacuum
line using liquid nitrogen and an ethanol/dry ice slush. An important point
to note for these and all following procedures is that the combustions and
collections must be quantitative and close to 100% efficiency in order to
prevent any fractionation. At this point the purified gas samples can be intro-
duced into the isotope ratio mass spectrometer.

From this time-consuming, laborious process (generally 10-15 samples per
day), the isotope ratio mass spectrometer (IRMS) manufacturers developed
semi-automated combustion systems using elemental (CN) analyzers coupled
to cryogenic purification systems that reduced sample preparation times and
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cost per analysis (Fry et al. 1992) and allowed simultaneous analysis of
carbon and nitrogen isotopic compositions. This type of system was appropri-
ate for most organic tissue samples, sediment and soil samples containing
sufficient organic matter, as well as materials such as collagen and some
plankton samples. Note that encapsulators were also available which allowed
liquid samples to be analyzed. Some of the next generation of cryogenic
systems were able to analyze samples containing as little as 1 umol N and
1 umol C. Depending on the type of system used and the type of sample being
analyzed, 1-20mg of material is loaded into a tin boat, folded, then placed
in the sample carousel. In automated systems, combustion and separation of
the gases is, in principle, similar to the manual method. The sample is flash-
combusted at 1600-1800°C in an oxygen stream, then the combustion gases
are carried in the helium stream through a series of cryogenic traps, which
are maintained at specific temperatures to collect H,O, CO,, and N,. The gas
of interest is then introduced into the mass spectrometer for analysis by
appropriate timing of a valve that shunts the gases either to waste or to the
mass spectrometer.

The next evolution of automated combustion system involved introducing
the helium stream containing the combusted gases directly into the mass
spectrometer, otherwise known as continuous flow analysis, which is very
rapid and can analyze around 100 samples per day.

Carbonates and dissolved inorganic carbon

Inorganic carbonate samples (e.g., foraminifera for paleotemperature
studies) are reacted under vacuum with 100% phosphoric acid, which
results in a complete conversion of carbonate to purified CO, (Craig 1953).
This allows for the analysis of both 8"”°C and 80 from the same sample,
provided the phosphoric acid is pure and contains no water (Coplen et al.
1983).

Dissolved inorganic carbon (DIC) in water samples is prepared by
acidifying a water sample and stripping the water with CO,-free gas
under a partial vacuum (Kroopnick 1985; McCorkle & Emerson 1988),
then isolating and purifying the gas. The same principle can be applied
to samples of bicarbonate in blood for tracer studies (Moulton-Barrett
et al. 1993).

The latest methods for both types of samples have evolved with the
development of automated continuous flow systems (Revesz & Landwehr
2004). Instead of evacuating the vials completely for carbonates, a helium
stream displaces any atmosphere in the vial before the acid is added.
After a set reaction time, the CO, is transferred into a sampling loop
before being introduced into the mass spectrometer through either a
helium stream or a dual inlet system. A similar technique is used for DIC
in water.



INTRODUCTION xxi

Ammonia and nitrate 8°N in water samples

In the dark days of dissolved inorganic nitrogen (DIN) analysis, ammonium
in water samples was isolated using various steam distillation techniques
(Velinsky et al. 1989) or later using passive diffusion within a closed container
(Brooks et al. 1989). Both procedures involve making the pH of the water
sample basic, then trapping or collecting the ammonium in an acid trap.
Steam distillation techniques are good for large water samples containing low
levels of NH;, can be used on salt water solutions, and take about 30 min per
sample (Velinsky et al. 1989). Once the ammonia is collected in an acid trap,
zeolite is used to remove NH; from solution. The zeolite is then dried and
can be analyzed using the sealed tube Dumas combustion method (see
above). As with all methods, care is needed to trap all of the NH; in all steps
in order to avoid fractionation. Nitrate-N can be distilled using the same
techniques after first reducing the nitrate in the water to ammonia with
Devarda’s Alloy, a chemical reagent.

These passive diffusion techniques work well for samples such as
soil solutions or Kjeldahl digests, and can be done in a batch fashion.
Two different procedures are used, one involving suspending an acidified
filter paper (usually with H,SO,) above the solution, the other wrapping
the filter paper in Teflon tape and floating the packet in the solution (Downs
et al. 1999). The solution is made basic and, using the same principle
as the distillation technique, the ammonia diffuses onto the acidic filter
paper. After the diffusion is complete (anywhere from 3-5 days), the filter
paper is dried and can be combusted using the automated CN-mass
spectrometer system.

These are by no means the only techniques to measure NH; and NO;
in water samples, and we refer the reader to the volume by Knowles &
Blackburn (1993) for further details on these and other methods. The latest
techniques involve using denitrifying bacteria and a gas concentration system
interfaced to the mass spectrometer; interested readers should see chapter
Chapter 12 and papers by Chang et al. (1999), Sigman et al. (2001) and
Casciotti et al. (2002).

Oxygen in water

The measurement of '*0O in water samples can be accomplished using
several different procedures. One of the earliest procedures used by
oceanographers, applicable to larger volume water samples (such as ground-
water), uses 200uL to 1 mL of water (Socki et al. 1992; Wong et al. 1987;
Taylor 1973). The water sample is first placed in a suitable vessel such as
a vacutainer or serum bottle. After removing the headspace atmosphere, a
measured aliquot of CO, of known isotopic composition is introduced into
the headspace. The water is incubated at a controlled temperature for a
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period of time that allows the oxygen in the water to completely exchange
with the oxygen in the CO,, after which the headspace CO, is removed
using cryogenic techniques, then analyzed on the mass spectrometer.
Modifications of this technique, using automated continuous flow analysis,
routinely use 100-200uL of water with excellent reproducibility (Horita &
Kendall 2004).

Small-volume samples in the range of 3-10uL, which may be generated
from samples such as small animal metabolic studies, plant water, or com-
busted organic matter, are more problematic, given the difficulty of balancing
the amount of headspace CO, to water volume. One technique that was used
to get around this was a chemical procedure utilizing guanidine hydrochlo-
ride to release the oxygen. For the details of the technique, see Wong et al.
(1987). This was an incredibly time-consuming and labor-intensive proce-
dure, but produced good results.

The latest technique utilizes pyrolysis, where the water sample is com-
busted in an oxygen-free environment and the oxygen converted to CO,
which is then analyzed by the mass spectrometer (Farquhar et al. 1997). The
debate rages concerning carryover between water samples, but many labo-
ratories have developed protocols to eliminate this problem (P. Brooks pers.
comm.; Ghosh & Brand 2003; Gehre et al. 2004).

Deuterium

In the past, in order to measure *H, or deuterium, from organic tissue, the
sample was combusted using an off-line, sealed tube procedure and the
resulting water collected quantitatively (Schiegl & Vogel 1970). The water
was then reduced to H, using either a vacuum line and uranium furnace, or
using zinc in a sealed vessel (Krishnamurthy & DeNiro 1982, Coleman et al.
1982). The procedure could be used for other types of water samples,
such as plant water, ground water, and water obtained for metabolic studies.
Many investigators used the zinc method, as it could be done in a batch
fashion and avoided any problems associated with obtaining uranium for the
furnace.

Modern procedures now use one of two automated techniques. The
first is similar to the CO, equilibration procedure for water samples. Instead
of flushing the water vials with a CO,/helium mix gas, the technique uses
a hydrogen/helium mix gas; the vials also contain Hokko beads (platinum
on a polymer base) that are suspended out of the water (Coplen et al. 1991).
The beads act to enhance the exchange of hydrogen in the water with
the gaseous hydrogen in the headspace. After a fixed time, the hydrogen
is extracted and introduced via continuous flow into the mass spectro-
meter. The second technique is a pyrolysis procedure involving chromium.
Water is injected onto hot chromium, which is contained in a combustion
column in an elemental analyzer. The water reacts with the chromium
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and is converted to hydrogen gas, which goes directly into the mass
spectrometer. This procedure is very rapid and very precise (Kelly et al. 2001;
Nelson & Dettman 2001). Certainly a long way from the off-line uranium
furnace days!

Sulfur

The analysis of sulfur isotopes depends on the starting matrix, but in essence
involves converting sulfur in the sample to SO, or SF,. Sulfur hexafluoride
has the advantage that fluorine has only one isotope, but the techniques
involved are somewhat hazardous, therefore most laboratories use SO, gas.
Most of the early procedures to isolate sulfur from its matrix (water, plant
and animal tissue, soils, sulfides) generally involved oxidizing sulfur to sulfate
in solution. The sulfate could then be precipitated as BaSO, using a 10%
barium chloride solution. From here the sample was oxidized to SO, gas and
introduced into the mass spectrometer via a dual inlet. These procedures
were generally not done in the laboratory of an ecologist, due to the labor,
materials, and time involved. For a more detailed description of early sulfur
preparation, see Krouse & Tabatabai (1986).

Once again, continuous flow has really revolutionized sulfur analysis.
It is still not easy, but it certainly has evolved from those early days.
Samples are combusted in an elemental analyzer and then passed through
a gas chromatography (GC) column to separate the various combustion
gases. Sulfur is much stickier and will take longer to elute. One has to
make quite a few modifications to the elemental analyzer, due to the
amount of water produced and the possibility that the water will make
the sulfur “stick” in the system (C. Cook, pers. comm.; Giesemann
et al. 1994).

The reproducibility of isotope measurements will depend on the procedure
and laboratory techniques of the investigator, but is typically £0.2%. or better
for carbon, oxygen, nitrogen, and sulfur, and 0.3-2%. for hydrogen. This
methods section is but a brief introduction to the procedures involved in
preparing stable isotope samples. Our aim was to give you an idea of how
modern day procedures have evolved out of the early days of stable isotope
analysis. For more elaboration and further details on other methods, we refer
the reader to volumes by Coleman & Fry (1991), Knowles & Blackburn
(1993), and de Groot (2004).
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sewage 178, 186-7, 245, 255, 264, 265,
265-6, 302, 313-14, 321, 376, 403,
415, 418, 421, 430-2, 521
Shackleford Island, North Carolina 131
sharks 136, 245, 266
Asteracanthus 132
sheep 136-7, 502, 509
shrimp 115, 218, 221, 223-4, 243, 521
Nauticaris marionis 521
Rimicaris exoculata 222-4, 223, 228, 521
shrubs 108, 112
Sierra Nevada 355
signal:noise ratio 260-1, 266, 493
silicon 4, 484
silver nitrate method 379-81, 388, 402
silver phosphate method 432
silylation 484, 485
simulation model 363-4, 464, 468, 470-1
sinking particulate 182, 185, 248-52
sipunculids 216, 218
sirenians (manatees and dugongs)
133
site-specific variation 221, 224-5
site-to-site variation 71, 76
sivatheres (fossil giraffid) 131
Skagerrak 215
skeletons 128, 204, 219, 220, 221
carbon 110
exo- 164
skin 100, 115
Slack-Hatch cycle 22-4, 25, 26, 32-3,
75, 108, 116-17, 123-6, 131, 158,
161-3, 222, 242, 247, 256-7, 260,
264, 289, 292, 294-5, 297, 319,
425-6, 462, 500-1, 509, 516,
518, 523
42, 86, 317, 337, 340, 343, 345,
354-6, 356, 358, 375, 3834,
387-8, 412-13
sodium perborate (NaBOs) 430
soil

132,

Snow

C dynamics
523, 524

cores 70, 463-4

crust 85, 86

cultivation 163, 391-2, 518

depth 69-70, 75-6, 92, 340-1, 465

extractable N 36, 456

fractions 67

horizons 71, 72-3, 76-7, 91, 338-9,
456-7, 460-1, 472

61-4, 69-71, 75, 77, 93,

incubations 377
invertebrates 481, 5234
moisture 43, 71, 112, 336, 341
nitrification 36, 65, 68-9, 302, 377,
384, 391-3, 399
de- 112,418
organic matter (SOM) 36, 62-4, 67,
69-70, 74, 76, 84, 88, 93, 289, 294,
392, 396, 407, 423-4, 452-3, 458,
462, 465, 516, 518
partitioning 64, 67, 71, 77
pools 64, 68-9, 71, 84, 88, 93, 323,
392, 453, 456, 463
profiles 36, 43, 62, 71, 77, 92, 119,
338-41, 516
sandy vs. clayey 423-5
silt and clay 67, 67, 69
vertical profiles 69-70, 76, 93
water 43-4, 46, 48-9, 297, 309,
339-40, 392, 399, 412, 423-5, 432
solar radiation effect 387
solid-state exchange 120
source
identification 1, 36, 85, 87, 94, 316,
375-6, 407, 411-12, 430, 457
water 24, 43, 45, 47, 240, 432
South Africa 126, 134
South America 164, 168
South Dakota, USA 137
southern hemisphere 248
Southern Ocean 112, 193, 254
Spain 253, 255, 350
spatial variation 193, 202, 245, 376, 384,
386-8, 405, 410, 434, see also Ch. 10
sprat 257
spring water 309, 311, 360, 361, 361
squid, jumbo 266
St. Lawrence River Basin (Canada)
314, 319, 321
St. Louis Bay, Mississippi 253, 260
stabilization, (de-) 64, 67, 71, 77, 203
stable isotope probing (SIP) 14, 17
stable isotope ratio, definition 11
stable isotopes of water 334, 343
standard errors of measurement (SEM)
460, 4634, 471

253,

standards 4, 6, 40, 101, 470, 488
Stellar 122
stems 24, 32, 44, 83, 115, 354

steranes 500
steroids 103, 499
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sterol(s) 103, 484, 485, 499, 512, 521
3°C 499
stomach contents 244, 257, 266-8
stomata 23, 27, 30-1, 293, 336
stomatal conductance 26, 32, 46
storm effects 42, 86, 297, 319, 336,
338-42, 350, 351, 352, 354, 355,
358-60, 375, 387, 405, 411, 413,
414, 415
stormflow 336, 338-41, 359, 415
stratosphere 405
streams 11, 29, 44, 257, 434, see also
Ch. 10-11
streamflow 337, 362
discharge 298, 335-6, 340
generation 335, 341, 362
nitrogen 68, 389, 412-13, 415, 415,
417-19, 422, 433
other isotopes 429, 431
pH 375, 380
response 339, 358
strontium (Sr) 1,4, 11, 99-100, 101-2,
118-19, 121, 125, 132, 134, 135,
137, 163, 169, 322-3, 411, 423,
425-6, 430-2, 462
subalpine 17
subantarctic
suberin 483
sublimation 355
sub-Saharan origin 164
substrate 9, 9, 14, 102, 103
carbon 207, 221, 297, 306
discrimination 84

38, 112

for growth 181, 1834
labeled 16-17, 176, 194, 510,
512, 514
pool 177, 178, 188, 190, 301,
394, 397
subsurface flow 336, 337, 338-42, 359,
362-3

Subtropical Convergence 160
subtropical waters 184, 186-7, 239
sucrose 46-7
sulfate (SO,) 113, 293, 303, 306, 315,
380, 384, 388, 404, 428-9
reducing bacteria (SRB) 210, 211,
213, 220, 305, 501-2, 511,
512, 513
reduction 16, 113, 202—4, 209, 210,
211, 213, 217, 219, 220, 304-7, 315,
321, 419, 502, 511

in seawater 208, 246, 255, 260, 293,
305, 315
sulfide-oxidizing bacteria (SOB)
216-17, 219, 224-6
sulfide(s) 202-3, 208-9, 210, 214-17,
219, 220, 221-2, 223, 225, 230, 246,
260, 294, 303, 305-6, 315, 403
hydrogen- (H,S) 203, 208, 220, 225,
290, 305-7, 315, 410, 419
sulfur (S) 4, 208, 241, 246, 293-5, 428-9
and invertebrates 253, 255-6, 258, 266
dioxide 14, 113, 293, 380
isotopes 113-14, 202-4
marine 206, 217, 219
sulfurization 501
Summit, Greenland 407
surface ion exchange, bone 120
surface water 43, 112, 117, 132, 178,
249, 311, 323, 345, 356, 358, 361,
375-8, 383, 398, 404, 407-8,
412-13, 417, 422-3, 429-30, 499
sweating 115
Switzerland 48
symbionts 215, 217, 218, 220, 221-2,
224-5, 228, 264, 514, 520
36, 39
112, 214, 221-2
sympatry 120, 123, 128, 224
synapsids 105
syntrophy 202, 209, 211

220,

plant
symbioses

tectonic processes 123, 203, 209
teeth 4, 100, 102, 105, 114, 123, 124,
125, 126, 128, 130, 132, 133, 134,
135-6, 136-7, 157, 239, 507
teleosts 103, 105, 121, 132, 137
Vorhisia vulpes
temperature 7-10, 13, 18, 40, 99, 132,
203, 209, 299, 382-3, 421, 459
and water/moisture 159, 163, 343,
347-8, 352, 358-9, 361, 399
body 105-6, 114, 127-8
effects 29, 42,47, 62,94, 108, 114,
116, 118, 120, 136, 207, 2467,
262, 264, 301, 320, 349, 350,
352, 387, 392, 394, 396, 406,
417, 467, 473
analytical 487-8, 494
leaf/plant 27, 30, 45, 48
mean annual 70, 76, 87, 93, 128, 294
recharge 411
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Tennessee (USA)
terminology 3, 6
termites 519
terrestrial
ecosystems 46, 49, 61, 90, 108, 126,
133, 283, 302, 315, 428, 500
vs. non-terrestrial 46, 114, 119, 125-6,
132, 133, 158, 242, 246, 256, 291,
298, 309, 315, 319, 429
tert-butyldimethylsilyl (tBDMS)
486
Texas (USA) 124, 243, 253, 256, 384,
396, 415
therapsids 137
thermal
conversion reactors
isomerization 500
NO, 382-3
physiology 100, 114, 127
thermocline 183, 186-7
thermoregulation 99, 101, 116, 127-8
theropods 127-8
thiotrophically-generated biomass 217
thiotrophs 202, 218
throughfall 352, 354-5, 384
tidal
channel/lagoon 256, 263
mixing 314
Tijuana Estuary 253, 258
tilling see soil cultivation
time-of-flight secondary ion mass
spectrometry (TOF-SIMS) 16

64, 384, 393

484, 485,

494-5

time
scale 27, 121, 181, 187, 191, 194, 429,
451
series 34, 104-5, 134, 136-7, 183, 316,
355
tissue variation 27, 35-6, 110, 119, 242,
262, 522

tooth, see teeth
topography 65, 71, 335, 339-41, 363, 392
slope 8, 29, 65, 66, 71, 73, 76-7, 216,
266, 336, 338-42, 392
Torres Strait (Australia) 253, 256
total lipid extraction (TLE) 483
tracer
percent recoveries
476
recycling 450-1, 463-4, 467, 471, 474
redistribution 459, 467-8, 474-5

458-60, 469-70,

studies 44, 104, 184, 193, 309, 364,
417, 423, 458-60, 525
Tracer Redistributions Among
Compartments in Ecosystems
(TRACE) 458, 467-8, 470, 472
transamination 110, 244
transfer conductance 32
transformation rates 68, 464
translocation 335
transpiration 24, 26-7, 28, 39, 44-6,
48-9, 336, 339, see also
evapotranspiration
travel time 339, 361
distribution (TTD) 360, 362, 362-3
residence time 119, 335, 342, 347,
360-1, 495
tree-ring studies
trees
Abies 48
Acer rubrum 64
alder 301
Fagus 48, 64
Liriodendron tulipifera 64-5
Metrosideros polymorpha 30
oak (Quercus sp.) 44, 64, 306,
307, 319
redwood 44
riparian 44, 284
trialkylsilylation 484

34, 35, 47-8

Triassic 121, 125

tricarboxylic acid (TCA) cycle 115, 117,
501

trifluoroacetylation 485, 486

trimethylsilylation (TMS) 484, 485,

486-7, 507, 512

triterpenoids 501, 516, 518
tritium (°H) 239, 359
trophic
enrichment 129, 170, 185, 188-9,
241, 243, 245-6, 252, 254-5,
259-60, 269
interactions 202, 221, 226, 283, 313,

320, 523, 524

level/position 101, 109, 113, 117-18,
125, 126, 129, 176, 187-8, 190,
191-3, 217, 224, 226, 240-1,
243-7, 252, 254-6, 258-60, 266,
269-70, 286, 288, 314, 322-3,
425-6, 463, 521

preferences 523-4
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relationships 125, 202, 211, 214, 217, uranium 432
239, 254, 266 urban
shift 189, 192, 2234 landscapes 314, 405
structure 186, 193, 238, 252, 255, 266, watershed 313, 321, 360, 378, 414-16,
268, 283, 288 415-18, 422
trophic enrichment factor (TEF) 240, 241, urea 109-10, 129, 244-5, 249-50, 396,
244-5, 270 423
tropical urinary nitrogen 110, 131
areas 75, 125, 134, 259, 517, 519 urine 38, 90, 94, 110, 111, 115, 244, 391
birds 165, 167 Utah (USA) 42, 86
forest 33, 44, 69
waters 181, 186, 250, 251, 253, 403 valley
troposphere 26, 184, 361, 389, 407 bottom 166, 350, 392-3
tube worms 215-16, 221-2, 520 forest 65
tunable diode laser absorption soil 65-8, 66-7, 71, 73, 76, 392
spectroscopy (TDLAS) 14, 17-18, vapor

94
turbidity effects 284
turnover time 187, 193, 317, 422, 512
body 100, 104, 170, 191, 242-4, 265,
268, 481
bone 104, 136-7
elemental 156-7
soil, root 1, 15, 63, 67, 69-71, 75-6,
453-4, 457, 465, 472
114, 132, 159
134, 136-7

turtles
tusks

ungulates 105, 166
United Kingdom 387
Yorkshire 384
United States (USA) 62, 93, 163, 259,
341, 380, 3834, 385, 386, 388, 390,
416, 419, 426, 429, see also by name
east 166, 380, 386
midwest 384, 386
northeast 166, 378, 384, 386, 386, 390,
416, 416, 418
rivers (unnamed) 303, 307, 311, 317,
320, 377-8, 416, 418, see also by
name
south/southeast
west 380, 386
upland
areas

62, 167, 338

29, 339
forest 64-5, 67
plants 256, 258, 260, 261-2
soil 512
upwelling 108, 159, 182, 187, 189, 249,
255, 265, 311, 403

pressure 7, 45, 336, 344, 347, 358
water 8-9, 26, 39-40, 45, 47-9, 114,
128, 132, 163, 168, 344, 344, 347,
355, 475
variability/variation, temporal 18, 86,
190, 193, 322, 324, 347-8, 359-60,
376, 379, 384, 406, 410, 415, 422,
427, 434, 521
vegetable oils 505
vegetation 293, 315, 319, 336, 354, 382,
392, 427, 456, 461-3, 501, 524
aquatic 132, 307
C3/C4 76, 126, 131, 462, 501
roadside 382
vehicle emissions
427, 434

381-2, 386, 404,

vent
black smoker
fluid 205, 208
organisms 202, 221-2, 224-6, 245
vertebrate
Ca 117-18
C 105-9
H 116-17
isotope systems 101-2
N/protein  109-113, 115,
O 114-16
Sr 118-19
tissue 100, 103, 105
Vienna Pee Dee Belemnite (V-PDB) 4,
124
Vienna Standard Mean Ocean Water
(V-SMOW) 4, 40, 343
SMOW 101, 205, 345

222, 224-5, 225



