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ecalcitrant problems in biology, agriculture, conservation, and environmental management need a
continual input of the best new interpretations and
technologies. A relatively recent innovation, which has
produced much useful new information, is continuous-flow isotope ratio mass spectrometry (CF-IRMS).
The CF-IRMS instrument provides a fast, reliable way
of measuring the isotope ratios of elements (e.g. C, N,
O, H, and S) in different kinds of samples. Much has
already been learned and new phenomena have been
identified by observing deviations from the expected
values of isotope ratios. Much of this new science
began, and is still being led, by research in Tayside.
As UK government policy turns increasingly to environmental concerns, and to agricultural conservation
and sustainability of farming and biodiversity issues,
this powerful new ability to study the processes of
nature requires pride-of-place in research planning,
environmental assessment and conservation. This is
especially so in Scotland where the science was born,
and where it continues to evolve new ways of resolving old and new problems.
Innovation of the technology and the chemistry
CF-IRMS was invented between 1977 and 1984 by
Dr Tom Preston and Professor Nick Owens, two
former graduate students of the then Professor W.D.P. Stewart of the Department of Biological Sciences,
Dundee University. Dr Preston realised, while laboriously
analysing
hundreds of samples of
lake sediments and
plants for their nitrogen isotope abundances, that the
analyses could be automated if an instrument
called an elemental analyser was coupled to an isotope ratio mass spectrometer
which had multiple signal collec-

tors. In 1981, Dr Preston, by then a researcher at the
Scottish Universities Research and Reactor Centre,
was finally able to develop this concept in collaboration with Dr Owens, by then at Plymouth Marine
Laboratory. The new instrument1,2,3 so impressed
two employees of a major mass spectrometer manufacturer that they quit their jobs and formed a new
company (Europa Scientific Ltd, now PDZ Europa),
which has twice won the Queen’s Award for Industry.
Designed originally to measure 15N enrichments for
tracer studies, CF-IRMS was rapidly developed to
measure isotope compositions at natural abundance
levels: δ13C, δ18O, and δ15N. Over the last decade,
the CF-IRMS approach has been extended to other
elements (2H and 34S) and other sample types (18O
in organics and nitrate). Dundee has continued to be
a major centre of activity in CF-IRMS development,
with collaborative projects between SCRI and Europa
Scientific Ltd on 2H and 34S and 18O analysis. All of
the wide range of CF-IRMS instruments in use
around the world are descendants of this fundamentally Scottish invention. CF-IRMS was thus conceived
in Dundee, proven in Plymouth and is now, globally,
an essential research tool.
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The simple (in hindsight) coupling of an elemental
analyser to an IRMS to produce the CF-IRMS
opened up a whole new range of applications and possibilities. For δ15N and δ13C, the chief impact was
sample throughput. Handling large sample sets for
statistically sound interpretation of ecological and
genetic problems became a realistic possibility. Once
the potential for 13C and 15N was demonstrated,
there was widespread interest in extending this productive analytical system to other elements, particularly H, O and S. The elemental analyser sample
converter was ideal for bulk plant and soil samples,
but there was also growing interest in the isotopic
composition of individual compounds. This drove a
further level of instrument integration, where a gaschromatograph, separating complex mixtures, precedes a micro-combustion interface to the IRMS.
SCRI has continued the development of novel systems
for both bulk sample and compound-specific stable
isotope analysis of H, O and S, working closely with
instrument manufacturers and international collaborators. Along with other developments in the field, the
result is that instruments are now available to tackle a
wide range of samples and elements. The pace of
instrument development has been rapid and has
sometimes run ahead of the production of adequate
calibration materials. Models for interpreting the natural variations in isotope composition have still to
catch up with the instrument developments. There is
consequently a unique opportunity for timely studies
of isotope natural history, not possible until now,
which promise powerful tools to complement δ13C
and δ15N in environmental and other fields.
Our design of new analytical systems has centred on
two parts of the CF-IRMS, the sample converter and
the mass-spectrometer. The conventional mass-spectrometer design is satisfactory for C, N, O and S analysis, but not for H; the helium carrier, which sweeps
the analyte gas from the sample converter to the
IRMS, cannot be separated fully from hydrogen in the
conventional analyser. The helium is present in vast
excess and is only one mass unit heavier than the very
low intensity Hydrogen-Deuterium (HD) ion. Precise
quantification of the HD ion is essential for natural
abundance measurements, and this was achieved by
using a specially designed analyser which produced a
much greater separation of the ion beams 4. Once
measurement of hydrogen gas was possible, sample
conversion of water and organic compounds was
developed using pyrolysis and reduction on
carbon5,6. Pyrolysis not only converts sample hydro-
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gen to hydrogen gas, but also converts any oxygen to
carbon monoxide which is suitable for measuring oxygen isotopes. Measurements of hydrogen and oxygen
isotopes can now be made on very small volumes of
water and organic compounds, bulk samples and individual components of complex mixtures. Appropriate
standards, however, do not exist for organic compounds; we see a research opportunity for SCRI in
such development and subsequent use of appropriate
standards.
The CF-IRMS system for sulfur analysis is substantially the same as for C and N, but uses modified elemental analyser chemistry to achieve complete
conversion of sample sulfur to sulfur dioxide. Using
conventional off-line methods, sulfur has always been
a difficult element to handle for isotope analysis; in a
dedicated CF-IRMS, high throughput of plant samples of low sulfur content is possible. Enriched sulfur
isotopes are not readily available and this has restricted
the application of stable isotope methods to plant
metabolism. However, using naturally distinct sulfate
sources, we have studied uptake and re-location of sulfur in wheat over a growing season7.
Biological problem solving
Since 1991, Dr Linda Handley (SCRI) has specialised
in understanding the biological bases for the patterns
of δ15N values found in nature. These patterns are
important because they lead to an understanding of
natural processes which cannot be studied by any
other means. After a substantial, critical review of the
existing literature and a 3-year study of δ15N patterns
in complex vegetation and soils8, Dr Handley called
for a complete revision of this area of study and
pointed out to an international audience9 that δ15N
could not be used to trace, directly, sources of nitrogen, as almost all previously reports assumed, but
chiefly revealed the occurrence and extent of biological and physical processes which transform nitrogen
chemically and physically (e.g. nitrification, assimilation and loss by organisms and gaseous nitrogen loss).
The δ15N research at SCRI has developed into two
main areas, both of which are directly useful for UK
environmental studies, conservation, sustainable farming and for providing the scientific bases for policy
and regulation. The first main area concerns the
chemical transformations and fates of nitrogen in soils
and waters, including the role of plants. The second
major area concerns functional plant biodiversity: its
protection in nature, the assessment of biodiversity in
crop plants for potential breeding, and whole plant
performance of genetically modified crop plants. Both
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of these lines of research have commercial potential.
Transformations and Fates of Nitrogen Soil nitrogen is
changed naturally into nitrate-nitrogen, which leaks
into drinking water, streams and ultimately into
nearshore marine waters10; nitrogen arising from fish
farm waste is suspected to have a role in the recently
reported amnesiac shellfish poisoning 11 found in
Scottish west coast waters, and atmospheric nitrogen
pollution has been identified, globally, as a threat to
the biodiversity of naturally nutrient-poor
ecosystems12, such as native moorlands and grasslands. It has been asserted for several decades that
excess nitrate in drinking water caused the so-called
blue baby disease in infants and has been suspected,
on theoretical grounds, of causing stomach cancer.
Today, the evidence is mixed and being revised13,
with some positive benefits apparently accruing to
human health and some new concerns arising as well.
It is established that nitrogen from land sources causes
major changes in the nearshore marine environment10,14 and nitrates from agriculture and urban
sources are suspected of playing a role in causing nuisance and toxic algal blooms in estuaries and freshwaters, to the extent that this presumption forms one of
the main bases for an EU Directive requiring designation of Nitrate Vulnerable Zones.
There has been no way to study the chemical transformations and fates of nitrogen on a long-term, largescale basis such as whole fields or catchments. Some
progress has been made in the last decade in studying
the variations of nitrogen forms and amounts in
receiving waters (surface and ground waters). However, the majority of nitrogen cycling events, including the generation of nitrate, occur in soils, and the
lack of appropriate methods has prevented studying
these processes in soils until recently. Most of the
information that we have about the transformations
and fates of nitrogen was determined by adding isotopically heavy (15N-enriched) nitrogen tracers to
either small-scale field plots or to laboratory experiments. This approach has limited use because nitrogen transformations are highly variable in space and
time, and unpredictable on the larger scales which are
relevant to environmental stewardship. To the extent
that such methods are limited to point measurements
in space and time, they are also unreliable. Additionally, most research conclusions are based on sitedependent case studies, which cannot be generalised
to other sites. Hence, scientific underpinning is weak
or absent for much of the management and regulation
of nitrogen in the environment, and a substantial

niche exists for basic and strategic research, were more
suitable methods and technologies available.
Research at SCRI, using the natural background levels
of the nitrogen isotopes (δ15N ) of soil and water, are
changing this situation by innovating new methods
and new interpretations. Early results show that mathematical modelling approaches can be used with direct
sampling and analyses of δ15N of soils or waters can
be used to describe the chemical transformations and
fates of environmental nitrogen. When fully developed, this approach will allow us to identify the polluter. It will be possible to assess whether nitrogen
pollution regulations are working properly, long
before the ultimate results can be detected in receiving
waters, to identify trouble spots quickly and suggest
improvements. It will also provide a rapid assay of soil
nitrogen nutritional status by quickly assessing the relative importances of nitrification and denitrification
in releasing and/or depleting the soil nitrogen bound
in organic matter. This will enable increased precision
of timing for fertilisation and provide an index to
optimum fertilisation amounts by filling in the longmissing part of the puzzle - how much is lost as nitrogen gases.
Others have recently attempted to model soil nitrogen
cycling using δ15N of nitrogen pools, but have been
forced to gloss over the lack of reliable chemical
preparation methods for the isotopic analysis of these
pools. Hence, the real work remains to be done. At
SCRI, we have innovated the only method, so far,
which is capable of measuring the δ15N of nitratenitrogen in complex samples such as soil solutions and
highly eutrophic waters15. A new and reliable method
for determining the δ15N of ammonium-nitrogen
from soil solutions and eutrophic waters will be
announced shortly from our laboratory.
Meanwhile, we have completed one full calendar year
of measuring, fortnightly, the concentrations and
δ15N values of nitrate-nitrogen in the soil solution of
a barley field in the Ythan River catchment,
Aberdeenshire, and in its field drains. We have also
measured the concentrations and δ15N of nitrate in
the Ythan River and its tributary burns. This is the
first, accurate description of the spatial and seasonal,
farming-related changes of the δ15N of nitrate in parallel with nitrate concentrations in soils and surface
waters and hence of the transformations of nitrogen in
the soil which lead to the formation of nitrate. The
δ15N of the nitrate in soil solution also reveals the
extent to which the sample comprises newly nitrified
nitrogen available to the crop or for leaching with per-
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colating waters versus the extent to which the analysed
nitrogen is that remaining after excess nitrogen has
been lost gaseously.
In the current climate of nitrate regulation and related
environmental concerns, such as ozone depletion and
atmospheric nitrogen pollution, it is increasingly
important to be able to assess the transformations and
losses of nitrogen from soil and waters. Researchers
using conventional water chemistry e.g.16,17 and
now-acknowledged, inadequate methodologies for
δ15N of nitrate18,19, have produced data suggesting
that some wetlands routinely achieve very high (up to
60%) removal of nitrate as denitrification, mostly as
N2 gas, but that the process from soil may incur denitrification via a larger proportion of ozone-depleting
N2O gas17. Martin20 reported wetlands reducing
incoming dissolved nitrate to as low as 2 mg l-1, while
Sidle et al.21 found that a constructed and managed
wetland in Indiana, USA was less efficient at nitrate
removal than an adjacent natural riparian marsh.
Using existing expertise, experience and unique
methodologies, SCRI is poised to further our understanding and ability to assess important aspects of
nitrogen cycling, particularly in relation to nitrogen
pollution and denitrification losses. We are especially
well prepared to deliver innovative research on the
role of wetlands in attenuating nitrogen loads.
Recently, hydrologists in Germany, Canada and the
US have been able to distinguish empirically, in some
cases, between nitrate arising from agriculture and
nitrate in waters arising from animal sources, including human waste22. This has been done by simultaneously analysing the δ 15 N and δ 18 O of nitrate in
waters. The underlying biological mechanisms are not
understood, and we see this as a fruitful line of inquiry
for the expertise existing at SCRI, building on, inter
alia, the innovative work and accumulated experience
in 18O analysis at SCRI.
The basic technologies and concepts, largely initiated
in Scotland, have started a cascade of isotope research
centred on nitrate and on the δ15N and δ18O of
nitrate and the δ13C and δ18O of dissolved organic
carbon compounds in ground and surface waters,
tracking pollution and studying water quality. For use
with ground and surface waters (of relatively low
organic nitrogen content and therefore susceptible to
methods which are unsuitable for soil solutions analyses), scientists at the United States Geological Survey
have developed new methods23,24 for measuring the
δ15N and δ18O of dissolved nitrate, a technology
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which found immediate acceptance among hydrologists and geochemists22,25; this same group is funded
by the US Government to examine how nitrate concentrations increase under forest soils in a large catchment. The intensity of interest in the δ15N and δ18O
of nitrate for use in hydrological studies is such that
new methods are beginning to appear from several
laboratoriese.g.23,24,26, although most of these laboratories still use older manual preparation methods
instead of relying on the newer continuous-flow technology for determining δ18O. As the United States
carries out a large programme of assessing water quality, several major research projects, on the scale of
major continental river catchments, are using δ15N
and δ18O to study the age and source of nitrates in
surface and ground waters27 . The US Environmental
Protection Agency is beginning new research using
δ15N and δ18O, together with conventional water
chemistry and hydrological modelling, to study the
impacts of landforms and land use, interacting with
vegetation, on surface and ground water quality28 , an
approach we have long argued is necessary for Scotland.
The method developed at SCRI by Johnston et al.15
is the only suitable one to date for measuring the
δ15N of nitrate in soil solutions. This method, and
other expertise at SCRI, could fill a widely recognised
need20,29 in soil nutrient cycling research, for systems of measuring nitrification, denitrification and
soil respiration at depth in the soil profile.
SCRI researchers published the first evidence that previously unsuspected processes in the top layer of the
soil caused sufficient changes in total soil nitrogen to
change the δ15N of whole soil substantially in the
course of a growing season. The initial work was done
on an abandoned agricultural field in primary succession8, then in Scottish pastures in collaboration with
Dr Carol Marriott of the Macaulay Land Use
Research Institute30,31. Similar findings have now
been reported by Butler et al.32 for arable (maize)
and grassland in Spain and in southern England. Our
work was done for the upper 10 cm of the soil profile.
Butler et al.32 showed the same patterns occurring to
30 cm depth. We attempted to explain these new
observations in terms of known processes and rates for
nitrogen mineralisation and loss; such calculations did
not account for the observations, demonstrating serious deficiencies in our information base (inter alia
interpretations underpinning regulations) and highlighting the need for new research using new isotope
techniques.
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Current laboratory and field experiments at SCRI
examine the nature of the nitrogen transformations
which cause such isotopic patterns in soils and percolate waters. In an early study of Kenyan savannah vegetation33 (done collaboratively with Professor Janet
Sprent (Dundee University) and Dr David Odee
(KEFRI, Kenya), then a student of Dundee University), an important link was demonstrated between
plant δ15N and soil moisture status. Soil moisture,
intermittent or consistent, dominated the δ15N patterns of the local vegetation, regardless of whether the
potential source of plant nitrogen was atmospheric
nitrogen, fixation by legumes, or soil nitrogen, and
regardless of type of plants examined. Later work34
with another student at Dundee University (Paul
Hill) on the functional diversity of native Juniperus
communis trees in Scotland, established similar relationships for foliar δ15N and soil water relations.
Most recently, a global survey of δ 15 N values of
plants and soils35 documented that rainfall and temperature (as surrogate measures of soil moisture) so
dominated ecosystem nitrogen cycling that it was
reflected consistently in the nitrogen isotope values of
plants and soils. The findings of this study were consistent with those of Austin and Vitousek36, who
found a trend for foliar δ15N along a rainfall gradient
in Hawaii.
Collaborative work in Spain37 uses δ15N and 15Nenriched tracers to reveal the processes of nitrogen
cycling in soils and plants following periodic fires in
that region. In a collaborative study with a Canadian
researcher38, δ15N values enabled the solution of a
problem which years of research had been unable to
resolve otherwise: how prevalent management of western red cedar forestry (including post-harvest burning)
leads to a serious weed infestation which debilitates
newly planted replacement forests.
In collaboration with Dr Chris Wheeler of Glasgow
University39, we were able to demonstrate, via δ15N
measurements, that most of the plant-available soil
nitrogen in a west coast Scottish mire originated from
atmospheric nitrogen fixation by free-living soil
microorganisms, and was not contributed by the more
conspicuous leguminous plants. A separate study provided new information about the nitrogen status of
important forestry trees which fix atmospheric N2 in
association with the actinomycete, Frankia40.
Functional Plant Biodiversity The UK is bound by
international treaties and by EU Directives 41 to
address the problems of conserving biodiversity, and

there is a special biodiversity group for Scotland42.
However, little is known about the existing wholeorganism, functional biodiversity of plants. Additionally, it has been impossible to assess, within a
reasonable length of time, whether environmental factors, such as air pollution, are affecting the functional
biodiversity of plants. Research at SCRI, relying heavily on the stable isotopes of carbon and nitrogen, is
providing a novel way to assess whole-plant functional
biodiversity in interaction with environmental conditions.
The publication of a model explaining the central
mechanism determining whole leaf43 δ13C, opened a
large new area of research on the environmental and
population-based components of photosynthesis and
water loss in plants using the C3 pathway of photosynthesise.g.44,45. A significant few of these papers
related δ13C to inter- and intra population genetic
variationse.g.44,46, especially in wild plants. As far as
we are aware, SCRI’s isotope group is the only laboratory, so far, to follow through extensively on the
genetic component of plant δ13C and relate δ13C to
molecular markers of identified genotypes; we were
the first laboratory47 to establish a genetic component
for plant δ15N. This lead is now being taken up by
others, such as Professor Richard Guy at the University of British Columbia48. Our approach has been
unique from the beginning in taking advantage of the
newly emerging techniques of molecular biology to
establish at the outset that experimental material for
physiological studies consists of molecularly-identified
different genotypes. The next step is to understand
the mechanisms behind the observed isotopic differences among genotypes and life forms. We continue
to study the functional biodiversity of native British
plants as expressed in the whole organism by δ13C
and δ15N 49,50,51.
From the first field studies of foliar δ13C and δ15N,
it was recognised that there were inter-species, and
intra-population variations around mean values,
which could not be explained easily by a central
mechanism. For δ13C, it was widely assumed that
these variations represented small differences in water
availability or leaf temperature, until Comstock and
Ehleringer pointed out the genetic component to
these variations46. For plant δ15N, the common, but
untested, assumption was that variations of plant
δ15N represented small differences in the type and
soil depth of the nitrogen which these plants used,
e.g. 52 .
In
a
series
of
papers 53,54,55,56,57,58,59,60,61,62,63,64,65,66,
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researchers at SCRI described highly controlled
hydroponics experiments, and one soil-based
glasshouse experiment, which showed that genotypes
of wild and cultivated barley varied in their shoot and
whole plant δ15N and δ13C against a common isotope background for nitrogen and carbon. Further
data51 have now shown the same genotype-dependent variations of these isotopes for wild plants (a
sedge, grass and dicotyledon) growing in a nutrientpoor soil, for native Scots pine in a common garden
and in sites-of-origin49, and for the important upland
pasture grass, Agrostis capillaris, grown in a controlled
environment chamber in sand culture50.
Analyses of plant δ13C and δ15N are fast and reliable,
and the results allow us to make some reasonable
hypotheses about their causes, i.e. what is functionally
different about genotypes having different isotopic
values and, therefore, what genetic variations in a population of plants allow that population to survive the
vicissitudes of competition and environmental
changes. The hypotheses which arise from initial isotope screening can then be tested on individual genotypes which have shown extreme isotopic values, thus
reducing the number of test organisms to a manageable level and increasing the certainty with which
experimentation is designed.
Variations among plant genotypes of each isotope pair
direct further investigations toward specific areas of
research. Variations in δ13C tell us that we should
investigate genotypic differences in plant
anatomy67,68,69 and physiology34,70,71 related to
photosynthesis and post-photosynthetic carbon
metabolism as well as differences in water use. δ15N
variations tell us that we should examine variations in
nitrogen assimilation, internal allocation and losses of
nitrogen for describing the biodiversity of plant strategies.
Much less is known about plant δ15N than is known
about δ13C; there is no central mechanism described
which chiefly determines plant δ 15 N. However,
progress is being made. Handley and Scrimgeour8,9
have been major forces in causing a complete reassessment of the way this isotope is regarded. δ15N
was initially regarded as a tracer, a naturally occurring
form of 15N-enriched compounds which had been
used successfully to trace the fates of added nitrogen
and estimate the amounts of nitrogen in systems.
Especially after CF-IRMS instruments became widely
available, a host of papers appeared purporting to use
foliar δ15N to trace the 'source of plant nitrogen.'
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Shearer and Kohl72 claimed for many years (pre-CFIRMS, when few could analyse δ15N) that they could
quantify the amount of plant nitrogen which was
derived from biological N2-fixation and do it under
field conditions. Although the educated isotope community never accepted this claim, Handley and
Scrimgeour 8 were the first to argue strongly and
overtly, with supporting data, that plant δ 15 N is
chiefly determined by isotopically fractionating processes and not by the isotopic value of the source
nitrogen; they argued, further, that plants have an
active and dynamic role in their own nitrogen
metabolism and are not passive acceptors of an external nitrogen source. Handley and Scrimgeour’s rejection of δ 15 N as a direct measure of amounts of
nitrogen fixed from the atmosphere (or from any
other source) was based on theory, field observation
and the results of a rigorously controlled glasshouse
study73. Theirs was also the first clear rejection of
δ15N as a tracer of nitrogen in soils since the early
1970’se.g. 74. The view that δ15N integrates processes, rather than traces sources, is now widely
accepted.
In one of a series of experiments with genotypes of
wild barley63, we were able to show that the δ15N of
the plants was related to how much nitrogen was
retained in the plants versus that lost through the
roots, under environmental stress. This series of experimentse.g. 63,47 documented that δ15N of plants was
variable according to the kind of environmental stress
to which the plants were subjected (salinity, drought
and nitrogen deficiency). These were the first reports
that plant δ15N was related to genotype and could be
modified by stress. These experiments, and subsequent work, are unravelling the relationship between
this easily measured variable and the biodiversity of
plant responses to stress insofar as the nutritionally
important element, nitrogen, is concerned. SCRI
researchers described this new approach in a series of
papers presented to a conference on linking plant
physiology with molecular genetic approaches58,59.
In another molecular based study75, δ15N helped to
describe genetically based variations in the nitrogen
and carbon metabolism of pea.
Most plants form fungal associations known as mycorrhizas, the most common type of mycorrhiza are,
arguably, arbuscular mycorrhizas (AM). To understand plant δ15N, and how it varies in response to
environmental stresses, the role of mycorrhizas must
be understood. It is known that AM fungi assist their
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plant associates in obtaining soil phosphorus76; no
special role in nitrogen nutrition was known. In collaboration with Dr Melvin Daft of Dundee University
and later with Dr Charo Azcón of Granada, Spain, Dr
Chris Wheeler of Glasgow University and Dr Henrique Fonseca of Portugal, we showed that the presence or absence of AM77,78,79,40, the type of AM
and the interaction of these factors with drought or
nitrogen deficiency, have a large effect on the nitrogen
relations of herbaceous plants. In a study of Canadian
western red cedar forests, the use of δ15N enabled
Chang and Handley38 to link type of mycorrhizal
association with changes in post-fire nitrogen and
phosphorus cycling and determine the cause of a serious weed infestation problem. This study also demonstrated how the biodiversity of organisms in the
plant-soil partnership can respond differently to contrasting climates under physical stress.
Our research group has made a unique contribution
to the knowledge of biological nitrogen-fixation: it has
been undisputed, general wisdom for decades that
biological nitrogen-fixation does not discriminate
between the heavy and light isotopes of atmospheric
nitrogen. We have shown, in collaboration with Dr
Peter Rowell, Dundee University, that biological N2fixation can incur substantial fractionations relative to
source nitrogen, especially in organisms which are able
to live independently of symbioses with higher
plants80. We have also shown that the amount of this
fractionation is correlated with the chemical type of
nitrogen-fixing enzyme, nitrogenase, which is present.
Exploitation of these results could lead to new and
useful information about microbial nitrogen-fixation.
Soil Invertebrate Studies and Food Webs Food webs
(who eats whom and what) have been notoriously difficult to study. Many organisms, because of their
migrations, their small size, or because they live in soil
or other largely inaccessible locations, cannot be
observed directly, and their eating habits must be
inferred from indirect evidence. Environmentalists
have always been interested in the feeding habits of
animals, but it is also crucial to agriculture to know
what soil-dwelling organisms eat and what effect
plant-eating pathogens have on agricultural crops.
Deniro and Epstein81 showed that the δ13C of a variety of organisms could be used to determine what they
actually assimilated (as opposed to ingested) and that,
on average82, there was a 3.3 ‰ increase in whole animal δ15N with each increase in trophic level (i.e., this

work predicts that tigers would be 3.3 ‰ more isotopically enriched than the cows they ate, and cows would
be 3.3 ‰ more enriched than the plants they ate). The
relationship breaks down between primary producers
(plants and algae) and their nitrogen sources.
The expected δ15N increase with height in the food
chain is not absolute, and deviations from this
expected value have revealed new information about
animal life cycles and feeding habits. Using isotopic
techniques, Scrimgeour et al.83 found that beetles,
which are pests on local raspberry crops, remain in the
soil, between crop rotations, much longer than formerly suspected.
To study the below-ground feeding habits of soildwelling invertebrates in Scottish pastures, a multidisciplinary team (soil zoologists, plant biologists and
ecophysiologists) was assembled, including scientists
from the Macaulay Land Use Research Institute. This
was the first, statistically designed spatial and seasonal
study of the isotopic signatures of soil invertebrates,
and one of the first such studies of soils and
plants30,31. We found, inter alia, that grazing intensity altered below-ground feeding habits.
With continually improving technology at SCRI, and
consequently better ability to analyse very small samples, the natural abundance isotope research was
extended into plant-pathogen interactions, i.e. animal
parasites, nematodes and the effects of nematodes and
viruses on plants. During these studies, Dr Brian Boag
(SCRI) published84 the first δ13C and δ15N study of
the internal parasitic feeding habits within an animal
host, which also showed that the rabbit embryo
behaves (nutritionally and isotopically) as a parasite
on the mother. Using δ13C and δ15N, Drs Neilson
and Brown85 showed that combined pathogen infection (virus application and nematode feeding) produced a greater physiological effect in Petunia hybrida
seedlings than that recorded with only a single
pathogen infection. Related work86 established that
some nematodes could alter their feeding preferences
for plants.
The research at SCRI is closely allied with that of Professor John A. Raven FRS, Boyd Baxter Professor of
Biology at the University of Dundee, and with his
associates. Professor Raven’s research is of a fundamental nature; he has specialised in plant physiology
and has used marine algae and higher plants as model
organisms. His use of enrichment and natural abundance levels of stable isotopes has revealed much new
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and fundamental information about plant physiology
and biochemistry. Although he began using natural
abundance level stable isotopes to understand plant
physiology while still at Cambridge University87, the
first isotope-based research he did in Dundee was
enrichment-level studies of 18O2 uptake in algae in
the light to investigate the Mehler reaction and the
(then still controversial) oxygenase activity of
RuBISCO in vivo88,89. This work was followed by
an investigation of the pathway(s) of oxalic acid synthesis in higher plants using enrichment studies with
18O and 13CO and natural abundance 13C/12C
2
2
( δ13 C) measurements 90 . The suggestion that the
δ13C of C3 plant parasites (which are photosynthetically competent and living on C4 hosts) can be used
to assess the fraction of parasite C obtained from the
host91, has been widely followed up by subsequent
studies elsewhere. This higher plant work led to the
use of δ13C data to interpret variations in the wateruse efficiency of plants as a function of nitrogen
source (ammonium, nitrate, nitrogen gas, ammonia
gas)92,93,94. Food chain reconstruction from fossil
(Cretaceous) data has also been attempted95.
Using both aquatic plants and algae, Professor Raven’s
laboratory has used primarily δ13C to make fundamental discoveries about photosynthesis. The innovative Chlorella (alga) work involved the use of carbon
dioxide and nitrogen availability in regulating expression of the carbon dioxide concentrating mechanism,
again with interpretative aid from stable isotopes96.
Research on freshwater plants related δ13C to the
inorganic carbon source as determined by other, physiological measurements; these measurements, in combination, led to estimates of the diffusion pathlength
for carbon dioxide in the freshwater alga, Lemanea,
which does not use bicarbonate ions97,98.
The freshwater algal work led to investigations on the
ecophysiology of Lemanea with several lines of evidence (including carbon isotope natural abundance),
corroborating the diffusion pathlength deduced
earlier99,100, and subsequent work on δ13C of plants
from freshwater habitats101,102.
The other major theme in Professor Raven’s algal
work is the ecophysiology of marine micro- and
macroalgae. As primary producers, these organisms are
fundamental to the entire marine ecology. As is the
case for freshwater organisms, the capacity for obtaining carbon from bicarbonate and, apparently, carbon
dioxide concentrating mechanisms in general, involves
less change of δ13C relative to source than does diffusive entry of carbon dioxide98,103,104. The compli-
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cation of atmospheric carbon dioxide as well as dissolved inorganic carbon for intertidal algae and plants
was also studied104.
A key event in algal studies was research on a range of
marine macroalgae from the east of Scotland, which
confirmed the correlation of diffusive entry of carbon
dioxide, these organisms having very negative δ13C
values105,106. This work also showed that the in situ
growth rate and δ 13 C can, as for the freshwater
Lemanea, be used to estimate the length of the carbon
dioxide diffusion pathway in marine algae such as
Delesseria. Further work on these algae investigated
effects of variations in light supply107,108, and of
variations of inorganic carbon and oxygen supply109,110, on photosynthetic and growth rates and
on δ13C. The taxonomic and geographical spread of
the data set subsequently has been extended111,112
and currently is being analysed prior to publication.
A continuing theme in the work on aquatic macrophytes has been the use of δ13C for interpreting symbiosis. This work followed from research on the role
of the N2-fixing cyanobacterium, Anabaena, in supplying carbon to its symbiont, the (freshwater) fern
Azolla98. Work on the marine lichen, Lichina, has
helped to define the mechanism of inorganic carbon
supply to the cyanobacterial symbiont, Calothrix113.
Raven et al.114 investigated the metabolic relationship between the brown Australasian macroalga, Hormosira, and Notheia, a brown alga which only grows
on Hormosira or the closely related Xiphophora. This
work found, from gas exchange and δ13C measurements, that the epiphyte could satisfy all of its energy
and carbon requirements from its own photosynthesis
and was not parasitic. Because Notheia contains the
sugar alcohol altritol, which only occurs in a few other
brown algae, including both Hormosira and
Xiphophora which are relatively distantly related to
Notheia, it was thought that the altritol in Notheia
could be derived from Hormosira or
Xiphophora115,116. This possibility has now been
dismissed using mass spectrometric and NMR analyses of δ13C and 13C enrichment studies; hence, we
now know that altritol synthesis occurs in both
Notheia and its relatively distant relatives Hormosira
and Xiphophora (and Bifurcariopsis and Himanthalia)115.
Kleptoplasty by sacoglossan molluscs living on green
(and red) macroalgae is a further example of symbiosis
involving marine macroalgae. Here, some of the
chloroplasts ingested by the molluscs during feeding
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are retained by the sacoglossan in which they continue
to photosynthesise for days to weeks (and occasionally
months). Raven et al.117 have used δ13C to estimate
the fraction of animal carbon which is derived from
kleptoplastic photosynthesis rather than from direct
feeding on the host algae in Western Australia.
Finally, work on microalgal cultures led by Dr
Andrew Johnston (now at SCRI) has yielded important data on the relationship among the inorganic carbon supply to marine microalgae, their growth rate,
and algal δ 13 C relative to source inorganic carbon118,119. These, and other data, cast doubt on
some recent attempts to use δ13C in marine sediments to ‘hindcast’ sea-surface, and hence atmospheric, carbon dioxide levels in the past.
References
1 Preston, T. & Owens, N.J.P. (1983). Analyst 108, 971-977.
2 Preston, T.& Owens, N.J. P. (1985). Biomedical Mass Spectrometry 12, 510-513.
3 McMillan, D.C., Preston, T. & Taggart, D.P. (1989). Biomedical
and Environmental Mass Spectrometry 18, 543-546.
4 Prosser, S.J. & Scrimgeour, C.M. (1995). Analytical Chemistry 67,
1992-1997.
5 Begley, I.S. & Scrimgeour, C.M. (1996). Rapid Communications
in Mass Spectrometry 10, 969-973.
6 Begley, I.S. & Scrimgeour, C.M. (1997). Analytical Chemistry 69,
1530-1535.
7 Monaghan, J.M., Scrimgeour, C.M., Stein, W.M., Zhao, F.J. &
Evans, E.J. (1999). Plant, Cell and Environment 22, 831-839.
8 Handley, L.L. & Scrimgeour, C.M. (1997). Advances in Ecological
Research 27, 133-212.
9 Handley, L.L., Scrimgeour, C.M. & Raven, J.A. (1998). In Griffiths, H. (ed.). Stable Isotopes: Integration of Biological, Ecological and
Geochemical Processes. Oxford: BIOS Scientific Publishers, 89-98.
10 Blackburn, H. (1995). In: Joint, I. (ed.). Molecular Ecology of
Aquatic Microbes. Berlin: Springer-Verlag, 55-71.
11 McLeod, D. (1999). Fish Farmer, Nov/Dec, 12.

19 Page, H.M. (1995). Oecologia 104, 181-188.
20 Martin, T.L., Kaushik, N.K., Trevors, J.T. & Whiteley, H.R.
(1999). Water, Air, and Soil Pollution 111, 171-186.
21 Sidle, W.C., Roose, D.L. & Yzerman, V.T. (2000). Wetlands
20, 333-345.
22 Kendall, C. (1998). In: Kendall, C. & McDonnell, J.J. (eds.).
Isotope Tracers in Catchment Hydrology. Elsevier Science, 519-576.
23 Chang, C.C.Y., Langston, J., Riggs, M., Campbell, D.H., Silva,
S.R. & Kendall, C. (1999). Canadian Journal of Fisheries and
Aquatic Science 56, 1856-1864.
24 Silva, S.R., Kendall, C., Wikison, D.H., Ziegler, A.C., Chang,
C.C.Y. & Avanzino, R.J. (2000). Journal of Hydrology 228, 22-36.
25 Kendall, C. & Aravena, R. (2000). In: Cook, P.G. & Herczeg,
A.L. (eds.). Environmental Tracers in Subsurface Hydrology. Boston:
Kluwer Academic Publishers, 261-297.
26 Brauer, K. & Strauch, G. (2000). Chemical Geology 168, 283290.
27 Criss, R. (2000). Water isotopes. http://chemweb.com/alchem/
(2000)/news/nw_0007_water.html .
28 Burke, R. (2000). Post-doc positions. 12-7-2000. http://geology.uvm.edu/isogeochem.html.
29 Vinten, A.J.A. (1999). Journal of Environmental Quality 28,
988-996.
30 Marriott, C.A., Hudson, G., Hamilton, D., Neilson. R., Boag,
B., Handley, L.L., Wishart, J. Scrimgeour, C.M. & Robinson, D.
(1997). Plant and Soil 196, 151-162.
31 Neilson, R., Hamilton, D., Wishart, J., Marriott, C.A., Boag,
B., Handley, L.L., Scrimgeour, C.M., McNicol, J.W. & Robinson,
D. (1998). Soil Biology and Biochemistry 30, 1773-1782.
32 Butler, M., Bol, R., Briones, M.I.J. & Allen, D. Stable Isotopes
and Mass Spectrometry Users' Group, UK. Poster.
33 Handley, L.L., Odee, D. & Scrimgeour, C.M. (1994). Functional Ecology 8, 306-314.
34 Hill, P.W., Handley, L.L. & Raven, J.A. (1996). Botanical Journal of Scotland 48, 209-224.
35 Handley, L.L., Austin, A., Robinson, D., Scrimgeour, C.M.,
Raven, J.A., Heaton, T.H.E., Schmidt, S. & Stewart, G.R. (1999).
Australian Journal of Plant Physiology 26, 185-199.
36 Austin, A.T. & Vitousek, P.M (1998). Oecologia 113, 519-529.
37 Casals, P., Romanya, J., Handley, L.L. & Vallejo, V. R. (2000).
Abstract. Medecos-(2000) Conference, South Africa.

12 Vitousek, P.M., Aber, J.D., Howarth, R.W., Likesn, G.E., Matson, P.A., Schindler, D., Schlesinger, W.H. & Tilman, D.G.
(1997). Ecological Applications 7, 737-750.

38 Chang, S.X. & Handley, L.L (2000). Functional Ecology 14, (in
press).

13 McKnight, G.M., Duncan, C.W., Leifert, C. & Golden, M.H.
(1999). British Journal of Nutrition 81, 349-358.

39 Allan, C.E., Wheeler, C.T., Handley, L.L. & Murphy, K.J.
(2000). Botanical Journal of Scotland (in press).

14 Herbert, R.A. (1999). Nitrogen cycling in coastal marine ecosystems. FEMS Microbiological Review 23, 563-590.

40 Wheeler, C.T., Tilak, M., Scrimgeour, C.M., Hooker, J.E. &
Handley, L.L. (2000). Journal of Experimental Botany 51, 287-297.

15 Johnston, A.M., Scrimgeour, C.M., Henry, M.O. & Handley,
L. L. (1999). Rapid Communications in Mass Spectrometry 13, 15311534.

41 Anonymous. (1994). Biodiversity. The UK Action Plan. London:
Her Majesty's Stationary Office.

16 Blicher-Mathiesen, G., McCarty, G.W. & Nielsen, L.P. (1998).
Journal of Hydrology 208, 16-24.
17 Blicher-Mathiesen, G. (1999). National Environmental Research
Institute, Silkeborg, Denmark.
18 Ostrom, N.E., Knoke, K.E., Hedin, L.O., Robertson, G.P. &
Smucker, A.J.M. (1998). Chemical Geology 146, 219-227.

42 Anonymous (1997). Biodiversity in Scotland. Edinburgh: The
Scottish Executive.
43 Farquhar, G.D., O'Leary, M.H. & Berry, J.A. (1982). Australian Journal of Plant Physiology 9, 1221-137.
44 Ehleringer, J.M., Hall, A.E. & Farquhar, G.D. (eds.) (1993).
Stable Isotopes and Plant Carbon - Water Relations. San Diego, Academic Press, 555.

63

High-throughput mass spectrometry

45 Zhang, J.W. & Marshall, J.D. (1993). Oecologia 101, 132-132.
46 Comstock, J.P. & Ehleringer, J.R. (1992). Proceedings of the
National Academy of Sciences of the USA 89, 7747-7751.
47 Handley, L.L., Robinson, D., Forster, B.P., Ellis, R.P., Scrimgeour, C.M., Gordon, D.C., Nevo, E. & Raven, J.A. (1997). Planta
102, 100-102.

67 Evans, J.R. & von Caemmerer, S. (1996). Plant Physiology 110,
339-346.
68 Roderick, M.L., Berry, S.L., Noble, I R. & Farquhar, G.D.
(1999). Functional Ecology 13, 683-695.
69 Roderick, M.L., Berry, S.L., Saunders, A.R. & Noble, I.R.
(1999). Functional Ecology 13, 696-710.

48 Pritchard, E.S. & Guy, R.D. (2000). The American Society of
Plant Physiologists, Plant Biology (2000), San Diego, 15-19 July.

70 Cordell, S., Goldstein, G., Mueller-Dombois, D., Webb, D. &
Vitousek, P.M. (1998). Oecologia 113, 188-196.

49 Brendel, O., Handley, L.L. & Scrimgeour, C.M. (2000). δ13C
and C composition of Scots pine genotypes. Unpublished.

71 Raven, J.A., Allen, S. & Griffiths, H. (1984). N-source, transpiration rate and stomatal aperture. In: Cram., W.J., Janacek., K.,
Rybova. R. & Sigle K. (eds.). Ricinus in Membrane Transport in
Plants. Academia, Prague, 161-162.

50 Bausenwein, U., Handley, L.L., Raven, J.A. & Scrimgeour,
C.M. (2000). δ13C and δ15N of Agrostis capillaris. Unpublished.
51 Handley, L.L. Raven, J.A. & Scrimgeour, C.M. (2000).
www.nerc.ac.uk/science/gane/index.htm.
52 Schulze, E.D., Chapin, F.S. & Gebauer, G. (1994). Oecologia
100, 406-412.
53 Forster, B.P., Handley, L.L., Pakniyat, H., Scrimgeour, C.M.,
Nevo, E. & Raven, J.A. (1994). Aspects of Applied Biology 38, 139143.
54 Handley, L.L., Nevo, E., Raven, J.A., Martinez-Carrasco, R.,
Scrimgeour, C.M., Pakniyat, H. & Forster, B.P. (1994). Journal of
Experimental Botany 45, 1661-1663.
55 Forster, B. P., Packniyat, H., Simpson, C.G. & Handley, L. L.
(1995). Induced Mutations and Molecular Techniques for Crop
Improvement. International Atomic Energy Agency, Vienna, 347353.
56 Pakniyat, H., Powell, W., Baird, E., Handley, L.L., Robinson,
D. & Nevo, E. (1997). Genome 40, 332-341.
57 Forster, B.P., Pakniyat, H., Ellis, R P., Handley, L.L., Nevo, E.,
Gordon, D.C., Keith, R. & Powell, W. (1997). Proceedings Plant
and Animal Genome Conference V, San Diego, California 12-16 January 1997, 25.
58 Handley, L.L., Robinson, D., Scrimgeour, C.M., Gordon, D.,
Forster, B. P., Ellis, R. P. & Nevo, E. (1997). New Phytologist 135,
159-163.
59 Ellis, R., Forster, B.P., Waugh, R., Bonar, N., Handley, L.L.,
Robinson, D. & Powell, W. (1997). New Phytologist 137, 149-157.
60 Forster, B.P., Russell, J.R., Ellis, R.P., Handley, L.L., Robinson,
D., Hackett, C.A., Nevo, E., Waugh, R., Gordon, D.C., Keith, R.
& Powell, W. (1997). New Phytologist 137, 141-148.
61 Pakniyat, H., Handley, L.L., Thomas, W.T.B., Connolly, T.,
Macaulay, M., Caligari, P.D.S. & Forster, B.P. (1996). Euphytica 6,
1-8.

72 Shearer, G. & Kohl, D.H. (1986). Australian Journal of Plant
Physiology 13, 699-756.
73 Brendel, O., Wheeler, C.T. & Handley,L.L. (1997). Australian
Journal of Plant Physiology 42, 631-636.
74 Hauck, R.D. et al. (1972). Science 177, 453-454.
75 Craig, J., Dejardin, A., Handley, L.L., Gardner, C.D., Wang,
T., Hedley, C. & Smith, A.M. (1999). Plant Journal 17, 353-362.
76 Dix, N.J. & Webster, J. (1995). Fungal Ecology, London: Chapman and Hall.
77 Handley, L.L., Daft, M.J., Wilson, J., Scrimgeour, C.M.,
Ingleby, K. & Sattar, M.A. (1993). Plant, Cell and Environment 16,
375-382.
78 Azcón, R., Handley, L.L. & Scrimgeour, C.M. (1998). New
Phytologist 138, 19-26.
79 Handley, L.L., Azcón, R., Lozano, J.M.R. & Scrimgeour, C.M.
(1999). Rapid Communications in Mass Spectroscopy 13, 1320-1324.
80 Rowell, P., James, W., Smith, W.L., Handley, L.L. & Scrimgeour, C.M. (1998). Soil Biology & Biochemistry 14, 2177-2180.
81 DeNiro, M.J. & Epstein, S. (1978). Geochimica et Cosmochimica
Acta 42, 495-506.
82 DeNiro, M.J. & Epstein, S. (1981). Geochimica et Cosmochimica
Acta 45, 341-351.
83 Scrimgeour, C.M., Gordon, S.C., Handley, L.L. & Woodford,
J.A.T. (1995). Isotopes in Environmental and Health Studies 31, 107115.
84 Boag,B., Neilson, R., Robinson, D., Scrimgeour, C.M. & Handley, L.L. .(1998). Isotopes in Environmental and Health Studies 34,
81-85.
85 Neilson, R., Handley, L.L., Robinson, D., Scrimgeour, C.M. &
Brown, D.J.F. (1999). Nematology 1, 315-320.

62 Robinson, D., Handley, L.L. & Scrimgeour, C.M. (1998).
Planta 205, 397-406.

86 Neilson, R. & Brown, D.J.F. (1999). Journal of Nematology 31,
20-26.

63 Robinson, D., Handley, L.L., Scrimgeour, C.M., Ellis, R.P.,
Forster, B.P., Gordon, D.C. & Keith, R. (2000). Journal of Experimental Botany 151, 41-50.

87 Raven, J.A. (1970). Biology Reviews 45, 167-221.

64 Ellis, R.P., Forster, B.P., Robinson, D., Handley, L.L., Gordon,
D.C., Russell, J.R. & Powell, W. (2000). Journal of Experimental
Botany 51, 9-17.
65 Ellis, R.P., Forster, B.P., Handley, L.L., Gordon, D.C., Keith,
R.P., Lawrence, P., Powell, W., Robinson, D., Scrimgeour, C.M.,
Thomas, W.T.B. & Young, G. (2000). Journal of Experimental
Botany( submitted).
66 Forster, B.P., Ellis, R.P., Robinson, D., Handley, L.L., Scrimgeour, C.M. & Thomas, W.T.B. (2000). VIIIth International Barley
Genetics Symposium, Adelaide, Australia.

64

88 Glidewell, S.M. & Raven, J.A. (1975). Journal of Experimental
Botany 26, 479-488.
89 Glidewell, S.M. & Raven, J.A. (1976). Journal of Experimental
Botany 27, 200-204.
90 Raven, J.A., Griffiths, H., Glidewell, S.M. & Preston, T.
(1982). Proceedings of the Royal Society of London Series B 216, 87101.
91 Raven, J.A. (1983). Advances in Ecological Research 13, 511-519.
92 Raven, J.A., Allen, S. & Griffiths, H. (1984). In: Cram., W.J.,
Janacek., K., Rybova, R. & Sigler, K. (eds.). Membrane Transport in
Plants. Academia, Prague, 161-162.

High-throughput mass spectrometry

93 Raven, J.A., & Farquhar, G.D. (1990). New Phytologist 116,
505-529.

105 Johnston, A.M., Maberly, S.C. & Raven, J.A. (1992). Oecologia 92, 317-326.

94 Yin, Z-H. & Raven, J.A. (1998). Planta 205, 574-580.

106 Maberly, S.C. & Raven, J.A. (1992). Oecologia 91, 481-492.

95 Raven, J.A. & Spicer, R.A. (1996). In: Winter, K. & Smith,
J.A.C. (eds.). Crassulacean Acid Metabolism. Springer-Verlag, Berlin,
360-385.

107 Kübler, J.E. & Raven, J.A. (1996). Hydrobiologia 326/327,
401-406.

96 Beardall, J., Griffiths, H. & Raven, J.A. (1982). Journal of Experimental Botany 33, 729-737.
97 Raven, J.A., Beardall, J. & Griffiths, H. (1982). Oecologia 53,
68-78.
98 Raven, J.A., MacFarlane, J.J. & Griffiths, H. (1987). In: Crawford, R.M.M. (ed.). Plant Life in Aquatic and Amphibious Habitats.
British Ecological Society Special Symposium. Blackwell, Oxford, 129149.
99 MacFarlane, J.J. & Raven, J.A. (1989). Journal of Experimental
Botany 40, 321-327.
100 MacFarlane, J.J. & Raven, J.A. (1990). Plant, Cell and Environment 13, 1-13.
101 Raven, J.A., Johnston, A.M., Newman, J.R. & Scrimgeour,
C.M. (1994). New Phytologist 127, 271-286.
102 Raven, J.A., Johnston, A.M., Saville, P.J. & McInroy, S.G.
(2000). Botanical Journal of Scotland 52, 1-15.
103 Maberly, S.C., Raven, J.A. & Johnston, A.M. (1992). Oecologia 91, 481-492.
104 Surif, M.B. & Raven, J.A. (1990). Oecologia 82, 68-80.

108 Kübler, J.E. & Raven, J.A. (1994). Marine Ecology Progress
Series 110, 203-208.
109 Kübler, J.E. & Raven, J.A. (1995). Journal of Phycology 31,
369-375.
110 Kübler, J.E., Johnston, A.M. & Raven, J.A. (1999). Plant, Cell
and Environment 22, 1303-1310.
111 Raven, J.A., Walker, D.I., Johnston, A.M., Handley, L.L. &
Kübler, J.E. (1995). Marine Ecology Progress Series 123, 193-205.
112 Raven, J.A. (1997). Advances in Botanical Research 27, 85-209.
113 Raven, J.A., Johnston, A.M., Handley, L.L. & McInroy, S.G.
(1990). New Phytologist 114, 407-417.
114 Raven, J.A., Beardall, J., Johnston, A.M., Kübler. J.E. &
Geoghegan, I. (1995). Phycologia 31, 369-375.
115 Raven, J.A., Beardall, J., Chudek, S., Scrimgeour, C.M. &
McInroy, S. (2000). Unpublished.
116 de Reviers, B. & Rousseau, F. (1999). In: Round, F.E. &
Chapman, D.J. (eds.). Progress in Phycological Research 13. Biopress,
Bristol, 107-201.
117 Raven, J.A., Walker, D.I., Jensen, K.R., Handley, L.L., Scrimgeour, C.M. & McInroy, S.G. (2001). Marine Biology (in press).
118 Korb, R.E., Raven, J.A., Johnston, A.M. & Leftley J W (1996).
Marine Ecology Progress Series 143, 283-288.
119 Korb, R.E., Raven, J.A. & Johnston, A.M. (1998). Marine
Ecology Progress Series 171, 303-305.

65

