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O0'°N as an integrator of the nitrogen

cycle

David Robinson

Natural abundances of the rare stable isotope of nitrogen, 1°N, are now being
used widely in research on N cycling in organisms and ecosystems. 1°N natural
abundances are used in fundamentally different ways from traditional >N
tracers by integrating N cycle processes via N isotope fractionations and the
mixing of various N-containing pools. This approach of using >N natural
abundances still requires certain technical and conceptual advances before it
can be used routinely in ecological research. Here, the basis of the natural
abundance >N approach and opportunities for applying it in ecology are
reviewed, and recent progress towards overcoming some of the key technical
problems and in revealing large-scale patterns in N cycle processes is
discussed.

Nitrogen (N) cycling is a fundamental ecological
process, gaining in prominence because of concerns
about the impact of excess N on ecosystems! and the
contribution of gases, such as N,,O, to global
warming?3. Although traditionally probed with 15n-
enriched (1soTtopric) TRACERs (see Glossary; Ref. 4;
Table 1), the N cycle is being studied increasingly
by measuring NaTURAL ABUNDANCES Of the rare stable
1soToPE 15N relative to that of the more abundant 14N
(6'>N: Box 1). The cost of 1°N enriched tracers
(currently ~£200 g™ N) and analysis (~£10 per
sample) limits their use when heavy replication or
large-scale measurements are required.

Nevertheless, 15N tracers are now being used to study

N cycling in forests and catchments to great effect>".
For many years, it was hoped that expensive 1°N-
enriched tracers could be avoided by exploiting 3'°N
as a ‘natural’ means to trace specific N sources (Table
2) in biological systems. This idea has been applied
extensively to detect and quantify N derived from the
fixation (via the nitrogenase enzyme) of atmospheric
N,. By definition, the 8'°N of atmospheric N,, is 0%o
(Box 1). Therefore, 8'°N of plants with access to N,
should also be close to 0%e.. If 8'°N of other N sources
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(e.g. soil NH,*and NO,") to which the plants also have

some agricultural settings in which few potential N
sources are available®? (Fig. 1). It has a poor track
record, however, in multi-species (especially woody)
vegetation, where there is often uncertainty about the
identity and 8'°N of the N sources potentially
available to different species? (see Ref. 11, however,
for an alternative view).

The Achilles heel of natural >N tracer approaches
is that, if source N pools mix (Box 2), or 15N and 4N
isotopes undergo fractionation (Box 3), differences in
O'>N among source N pools can be obliterated. This
undermines the use of '°N as a tracer of any of those
pools. The problem is compounded because it is
impossible to predict when mixing or fractionation
will occur, and it is difficult to measure these
processes and the resulting 3'°N values of N sources
in situ, leading to uncertainty about exactly what
SN measurements mean.

Only if there are differences in >N among
potential N sources can 8'°N be used as a tracer for
any of those sources. This condition has been metin
some ecological studies. For example, '°N has been
used to detect the assimilation of atmospheric NH, by
plants on a subantarctic island using the >N of NH,
derived from penguin guano (Fig. 2)12. Guano N was
relatively 15N enriched (8'°N = +14.6%o), and the NH,
derived from it was >N depleted (-10%o), giving an
unusually wide 3N range between two potential N
sources. The mean leaf 3'°N of plants growing on the
penguin colony was +11%o., implying some plant
assimilation of guano-derived soluble N (e.g. NH ).
In plants downwind of the colony, leaf 3*°N became
progressively more >N depleted with distance from
the colony, reaching minimum values of ~ —7%o. at
upland sites, a pattern consistent with the vegetation
at those sites intercepting and assimilating
significant amounts of guano-derived, 1>N-depleted
NH, from the atmosphere.

Another study?? used 3'*N (with &'3carbon and
&%*sulphur) to trace nutrients derived from municipal
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Table 1. 15N tracer, 8'°N natural tracer and 85N integration approaches compared2b

Review TRENDS in Ecology & Evolution Vol.16 No.3 March 2001

bAbbreviations: 8'°N, the abundance of 1*N on the & scale. Usually refers to the natural abundance of 1°N; N, nitrogen.

15N as a tracer 815N as a natural tracer Refs 815N as an integrator Refs
Range of 5N Greater than natural abundance Within natural abundance range Within natural abundance range
abundance range
System Large Small or zero Zero
perturbation
Cost of tracer Large Zero Zero
Sensitivity of Excellent Poor to good Poor to excellent
detection
Duration of study <lhto~1yr >1hto~1yr Unlimited
Scale of study Pot, plot or small catchment Pot to landscape Molecular to global
Conditions O°N of tracer > natural range, and Significant differences in 3N Reliable 8'°N measurements
required steady-state labelling of sinks among all potential source pools of main N sources
Isotopic 5N of tracer before addition to 5N of all potential N sources, O°N and sizes of N pools measured
information system, and of system N pools system containing no tracer, on at least two occasions and/or
required before and after tracer addition system pools containing tracer in contrasting ‘treatments’
Amount of tracer added N fluxes among pools if more than Isotope fractionation factors for
two sources are involved main processes
Other information  The ecology, biology and history The ecology, biology and history The ecology, biology and history
required of the system being studied of the system being studied of the system being studied
Interpretive model Mixing Mixing Fractionation and mixing
Information Amounts and rates of mixing of Amounts and rates of mixing of Quantitative identification of N
obtained tracer N in nontracer pools tracer N in nontracer pools cycle processes
Examples of Interannual N cycling in grassland 41 Estimating N, fixation in 8,9  Detecting denitrification 23,24
ecological ecologically simple systems
applications Plant uptake of organic N Detecting NH, use by vegetation 12 Establishing global trends in plant 15
and soil N cycling
N cycling in catchments Detecting pollutant transfer into 13 Determining trophic relationships 38
food webs among soil invertebrates
Identifying N inputs to, and 22
detecting N losses, from
ecosystems
aRef. 43.

sewage into benthic fauna at a North Atlantic

65N as an integrator

dumpsite. Measurable differences existed in 5°N
between sewage- and phytoplankton-derived organic
matter, potential N sources for fauna such as the
surface-deposit feeders Echinus affinus (a sea
urchin) and Benthodytes sanguinolenta (a sea
cucumber). These differences allowed the
assimilation of sewage-derived material to be
detected as a shift in faunal isotopic compositions,
refuting earlier assessments that dumped sewage
had minimal ecological impact.

SN could be used as a tracer in these studies!?13
only because large, verifiable differences in 6'°N
existed among potential N sources. Yet, it is sobering
to realize that it required the annual dumping of
~4000 tonnes of penguin excrement on a remote
island®? and of nine million tonnes of sewage into the
Atlantic?3 to create N sources that were sufficiently
distinct isotopically to make &'°N tracing feasible in
those systems. It is probably safest to assume as a
default that 3'°N is not a good tracer for N sources in
most circumstances. °N can, however, be used in a
different way, one that does not depend on it being a
good tracer.
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The use of 3°N as an ‘integrator’ of N cycle processes
makes use of the fractionations of 1N and N, and
N-pool mixing that can thwart attempts to exploit 3°N
asatracer. Itisbased, essentially, on four rules (Box 4)
that describe how &'5N changes when N-containing
pools are transformed, divided or mixed in any system.

Consider how the &'°*N of awhole plant (&, ) is
related to that of its N source(s) (3, ¢ Fi9- 3)- 9, IS
the mean of the &'5N values of all potential N sources,
weighted by their availabilities (Eqn 3, Box 2). Toa
firstapproximation, o, , tracks o, .: the more *>N-
enriched g ., the more N-enriched ¢, . But the
relationship between o . and g, is not constant; if
it were, 35N would be a reliable tracer of N sources
and that is not necessarily true.

Rule 1 describes what happens when a process that
can fractionate N isotopes transforms an N pool. This
rule allows the expression of N 1SOTOPE FRACTIONATIONS
to be flexible. Rather than assume that a specific
process occurs with a certain amount of fractionation
(€), Rule 1 allows fractionation to vary between 0 and €,
depending on source supply and sink demand,
according to a rAYLEIGH MODEL (Box 3). Because of the



Box 1. Definitions and measurements of °N abundance

Of the N atoms on earth, 99.6337% are N; the remaining 0.3663% are 1°N.
These atom % ABUNDANCES (see Glossary: A) are defined as:

O ngs O oRrR sample a
A=100 %— %100 @—
Nqs +Nyy R sample +1 (1)

n,.and n,, are, respectively, the numbers of >N and “N atoms presentin a
sample. Reample is the ®N:14N isotope rATIO (1,:N, ). EQuation 1 is used when A
exceeds ~0.5 atom %, which applies to practically all studies in which N is
used as a tracer.

For convenience, isotope ratios in samples containing only slight 1N
enrichments, and in all natural abundance studies, are reported on the

scale:

sample ~ Rstandard 0 )
Rstandard @

ar
515 N=1000 Q

The standard is atmospheric N, (R=0.0036765, 3'°N =0%.). For most naturally
occurring N containing materials, —=30%o0 <6'°N <+30%. (0.355 <A <0.377
atom%). The more >N-enriched a sample, the more positive (or less
negative) its 5'°N.

ON of ecological materials (plants, animals, microbes, soil, waters,
gases, etc.) is usually measured by a CONTINUOUS-FLOW ISOTOPE RATIO MASS
specTROMETER (CF-IRMS)2. A sample (typically containing ~100 pg N) is
combusted on-line in the analyzer of the CF-IRMS, reducing all forms of N in
the sample to N, on which Reample is determined. About 200 3N results can
be produced daily?, sufficient for the statistical rigour required for
ecological work. Analytical precisions better than +0.2%. can be achieved
routinely? and, for that reason, 8'°N data should not be quoted to a
precision better than +0.1%e.

Reference
a Scrimgeour, C.M. and Robinson, D. Stable isotope analyses and applications. In Soil and

Environmental Analysis (3rd edn) (Smith, K.A. and Cresser, M.S., eds), Marcel Dekker
(in press)

Box Glossary

Atom % abundance: the percentage contribution of one isotope (e.g. °N) to the total number of
atoms of that element in a sample. Usually refers to the abundance of a **N-enriched tracer, and
symbolized as A.

Isotope ratio: the ratio of the number of heavy isotopes of an element to the number of light
isotopes in a sample, for example, 1°N:24N. Usually symbolized as R.

Continuous-flow isotope ratio mass spectrometer: an elemental analyzer coupled to a
mass spectrometer designed to measure the isotope ratios of a few low molecular weight gases
such as N, and CO,. Often abbreviated to CF-IRMS.

differences between the closed physical systems for
which Rayleigh models were developed and open
biological systems, it is probably safer to apply Rule 1
over each of many infinitesimal time-intervals'* than
to expect it to apply over one long period during which
many source—sink transitions would occur.

In our example (Fig. 3), suppose the plant has
access to only one N source, NO,~, the assimilation of
which incurs an N isotope fractionation (g) of up to
19%o (Box 3). During assimilation, organic N (the
immediate sink for assimilated N) might, as a result
of fractionation, become more 1°N depleted than the
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Table 2. N sources for various biological N sinks
Sinks

Sources

Microbes NH,* NO,", and many forms of organic N
including high molecular weight N
compounds such as proteins; microbes
such as cyanobacteria, rhizobia and
actinomycetes that have the enzyme

nitrogenase can fix N,

Plants NH,* NO,~, and amino acids dissolved in
soil solution or surrounding waters; NH,
or N oxides intercepted by foliage from
atmospheric deposition; the amounts of
each form assimilated depends on its
availability (external concentration and
rate of supply, both of which vary with
habitat) and on plant species; some land
plants can access N from higher
molecular weight sources (e.g. proteins) if
associated with fungi able to form ecto- or
ericoid mycorrhizas; other plants, such as
members of the Fabaceae (the legumes),
can access N derived from N, fixation by
symbiotic microbes such as Rhizobium;
carnivorous plants obtain some of their N
from the tissues of trapped invertebrates

Herbivores N in edible plant tissues, usually present at
low concentrations per unit dry mass;
some N compounds (e.g. alkaloids,
glucosinolates and cyanogenic glycosides)
can function as herbivore deterrents or
toxins; termites (Insecta: Isoptera) and
shipworms (Bivalvia: Teredinidae) contain
symbiotic gut bacteria that can fix N, and
to which the animals have access

Carnivores N (mainly protein N) in the tissues of their

prey

N in plant, animal and microbial remains;
degradation of high molecular weight N
compounds can occur via gut microbial
activity

Detritivores

source NO,™ (9, ,..)- IfNO,~supply is ample relative
to its assimilation rate (f~0: Box 3), 8., Will remain
almost constant and the &'*N of residual NO,~ in the
plantwill equal g .. If, however, most of the source
NO," is assimilated (f - 1), residual NO,~ becomes
5N-enriched compared with o . (Box 3).

These changes are detectable only if the organic N
and NO,"are isolated and their 35N values measured
separately. They remain undetectable if whole-plant
5N is measured although, internally, fractionations
can produce isotopically distinct N pools. Only if N
enters or leaves a system can the 3'°N of the system
change. Even then, only if the N entering or leaving is
isotopically distinct from that in the system will a
change in 8N occur; this is Rule 2.

Rule 3 says that, when an N pool divides without
being transformed, there is no change in 3'°N of the
resulting pools. This applies, for example, ifaNO,~
pool becomes divided if some NO,™ crosses a
membrane and the rest remains behind (a process
that, according to current evidence, does not



Box 2. Isotope mixing and mass balances
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Isotope mixing

Tracer studies are interpreted using mixing models.
The simplest is a model for two N sources, a 1°N-
enriched (or, less commonly, °N-depleted) tracer and
the N in the environment (i.e. ‘background’ N). 15N
tracer is added to the system where it mixes with
some of the background N. Samples are later
collected. We need to know how much of the N in the
samples was tracer-derived.

Gyackground” Oracer 2N Oy AT€, respectively, ON of
the system before tracer addition, of the tracer itself,
and of the sample. [chackground and g, . aretheeno
MEMBERS (see Glossary) of the mixing model]. The
fraction of tracer N (x,,,,) in the sample is:

racer

3 sample ~9 background 1)

X tracer = 5 -5
tracer background

Equation 1 requires that:

1) 6backgmund and 9., are known and are significantly
different.

(2) Negligible N isotope fractionations (Box 3) occur
as tracer N moves through the system.

To calculate the mass of tracer-derived N in the
sample (m , the mass of total N in the sample

trace F)
(m

sample) must be known, so that:

mtracer = Xtracermsample (2)
Isotope mass balances

The 3N of a sample (5samp|e) is the mass-weighted
mean of the 6'°N of each of its N-containing
compounds. &°N of different compounds can differ
because of N isotope fractionations during metabolism

(Box 3). If a sample contains nN compounds,

n
o;,m;
O m+0,my+. . +6,m, %' !

5sam = 3
ple ( )
my+my+.+my msample

0,, &,,m,, m,are 8°*N and mass of N in compound 1, 2,

etc.,uptoi=n.

fractionate N isotopes?®). It also applies when foliage
N is ‘divided’ by some of it being removed from the
plant by a herbivore. It does not apply, however, if leaf
N becomes ‘divided’ by NH, volatilizing into the
atmosphere (NH, volatilization can strongly
fractionate N isotopes: Box 3), which would count as a
transformation (NH,* — NH,) subject to Rule 2.
Rule 4 restates Eqn 3 in Box 2: when N pools mix, the
resulting '°N is a mass-weighted average of the 3'°N of
each component. So, whole-plant 3N reflects the 5N
of the organic N, of residual NO,", and of previously
accumulated N pools within its tissues. This does not
imply physical mixing of these pools inside the plant,
rather that when the 3'°N of the plant is measured, the
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Equation 3 can also be applied to whole plants,
animals and ecosystems. The 8'°N of a whole plantis
the mean of the 8'°N values of its leaves, stems, roots,
flowers, seeds, etc., weighted by the N content of each
part. The mean &'°N of the vegetation in a habitat is
the mean of the 8'°N values of each plant weighted by
its total N content. The mean &'°N of soil is the mean
of the 3N values of the various forms of N presentin
the soil, weighted by the amounts of N in each form. If
the N pools in any of these systems are dynamic? or
spatially heterogeneous®<, substantial sampling is
required to account for these sources of variation.

An 1soToPE MASS BALANCE is useful to check for N gains
to or losses from a system, or for isotopic
fractionations (Box 3) occurring in it. In general,

(5system M system ) t+1 = (asystem m system)t 4)
+ (6system m gained) - (6Iost mlost)

The dterms are, respectively, the 3'°N of the system,
the N gained by and lost from it over the time interval t
to t+1. The mterms are the corresponding masses of
N. ‘System’ can mean a whole plant, an animal or an
ecosystem, for example.

References

a Stark, J.M. and Hart, S.C. (1997) High rates of nitrification
and nitrate turnover in undisturbed coniferous forests. Nature
385, 61-64

b Stark, J.M. (1994) Causes of soil nutrient heterogeneity at
different scales. In Exploitation of Environmental
Heterogeneity by Plants (Caldwell, M.M. and Pearcy, R.W.,
eds), pp. 255-284, Academic Press

¢ Marriott, C.A. etal. (1997) Spatial variability of soil total C
and N and their stable isotopes in an upland Scottish
grassland. Plant Soil 196, 151-162

Box Glossary

End members: The isotopic abundances of the sources used in a
mixing model.

Isotope mass balance: A means of calculating if the amount of an

elementin a system is conserved over time.

components contribute to the measurement as if they
were mixed. (They actually do mix during sample
combustion during 3'°N analysis: Box 1).

To summarize, the &'°N of a system (e.g. a plant,
an animal or an ecosystem) not only reflects the 3'°N
of the N source, but also any N isotope fractionations,
N gains and losses and N pool mixing.

These rules have formed the basis of one model'4
for plant 8'°N. Their generality makes them
applicable to any system at any scale, although the
processes they describe will differ. N is lost from a
plant by efflux from roots, volatilization from leaves
and herbivory, and transformed in plants during N
assimilation, amino acid synthesis and protein



Fig. 1. An example of the
use of natural *°N
abundances (3'°N) to
estimate the proportion of
plant N derived from the
atmosphere by symbiotic
N, fixation®. The tree
legume Chamaecytisus
proliferuswas grown in
sand containing different
amounts of added NO,~
with a 85N value of
+3.5%o. 6N of N, is, by
definition (Box 1), 0%o.
Whole-plant 35N values
(circles) varied within
these limits, depending
on how much N was
derived from N, and NO,",
becoming more 1°N
enriched as the
availability of source NO,~
increased. From these
data, the proportion of
plant N derived from N,
(squares) was estimated
using a mixing model
(Box 2).
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turnover. N is lost from ecosystems by migration,
DENITRIFICATION @and burning and N transfers through
ecosystem pools occur by ingestion, excretion and
decomposition. The rules are simple and flexible
enough to apply to all of these systems, provided that
information is available about the key isotope
fractionations (Box 3) and mixing processes.
Interpreted on this basis, the &'°N of a system
integrates the operation of recent and, to some extent,
historical processes, all of which are difficult to
measure directly. The conceptual challenge is to
decipher 3N in terms of those processes, providing
information that helps us to understand how
ecosystems work; Table 1 emphasizes the distinctions
between 15N tracer and 8'°N integrative approaches.

Measuring the 8'°N of N sources

An equally important technical challenge is the
measurement of 3'°N of putative N sources in water,
soil, sediments and cells. Standard methods exist to
measure the concentrations of specific N compounds
and their >N abundances if isotopically enriched
tracers are used (Box 1, Table 1), but not their natural
15N abundances (3'°N). The N compounds must be
isolated from their matrices for &°N analysis, avoiding
two potential sources of error that have trivial effects
on 15N abundances in enriched tracer studies, but
which can cause significant alterations in &'°N values.

N isotope fractionation during isolation

Suppose that we have a sample comprisinga 1 mM
solution of NH,NO, in water, and we wish to
determine the &'5N of the NH,* (the ‘target’ N). We
must isolate the NH,* from the NO,~. One way to do
this is to raise the pH of the sample in a gas-tight
container, causing NH, to volatilize. The NH, is
trapped as NH,*on an acidified N-free filter. The
&'5N of the dried filter plus NH,*is determined?®.
NH, volatilization, however, can fractionate N
isotopes according to Rayleigh kinetics (Box 3). Only
if most of the NH,* is isolated will 35N of the trapped
NH,* approximate that of the target N. How muchis
‘most’?

http://tree.trends.com
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If an accuracy of +1%o. is acceptable (i.e. measured
SN is within 1%. of the true value), at least 92% of the
NH,* must be trapped if the fractionation () for the
isolation process is 5%o (Fig. 4a). If € exceeds 20%o, >98%
of the NH,* must be trapped. For maximum accuracy
(i.e. towithin 0.2%. of the true 6'°N value), at least 99%
recovery of the target N is required. That is, achieving
only 95% isolation of the NH ,,* would generate a 3%o
error in the 3°N result if € for the isolation process was
20%o. This might be unacceptable if 35N varies by <20%o
among samples, as is often the case in ecological studies.

Similar arguments apply to all distillation, ion
exchange or diffusion techniques that potentially
fractionate N isotopes, and to all forms of soluble N,
not just NH,*. Most published measurements of 3'°N
of soil NH,*and NO,~, for example, were obtained
using such techniques.

Contamination

To continue with the NH,* example, suppose that
instead of the 100 pg target N expected (from an
NH,*-specific assay such as a colorimetric
determination), 120 pg were recovered in the acid
trap. If the isolation method was not NH ,*-specific,
some organic N in the sample might be converted to
volatile organic N and trapped with the target N,
contributing rogue N and 8'°N to the isolate. Thisis a
particular problem when isolating inorganic N from
some soils, but how serious is it?

Suppose that the difference in 3*°N between the
target N and that of any contaminants was 1%.. Then,
according to an isotope mass balance (Box 2), the 5'°N
of the target could be determined to within 0.2%. if the
target—contaminant mixture was ~90% target N
(Fig. 4b). To achieve similar accuracy with a 20%o
difference between target N and contaminant N would
demand that the mixture be at least 99% pure target
N. Unless contaminant 3N is very different from that
of the target, contamination generates relatively small
S®N errors if sample purification is stringent. For
example, if the &'5N of target and contaminant N
differed by 50%. and the mixture was 99% target N,
the 5'°N error would be only 0.5%.. This is acceptable
for most ecological applications but, then, '°N results
differing by <0.5%. should be interpreted carefully.

If traditional methods for isolating N compounds
from their matrices cannot be avoided, it is worth
subjecting the 5'°N data obtained using them to
quality controls:

(1) Compare the amounts of target N in the original
sample (measured by a target-specific method, e.g.
colorimetry) with those measured by mass
spectrometry.

(2) Use Fig. 4a to estimate the minimum recoveries
required to achieve a given precision (error).

(3) If N recoveries are significantly less than the
minimum required, the data could be unsound.

(4) If recoveries are less than, but still close to, the
minimum required, assess the potential error and
analyse the d'°N data accordingly.
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Box 3. Fractionation and discrimination
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Variations in 3'>N among samples reflect N
isotope fractionations. These occur
because more energy is needed to break or
form chemical bonds involving 1°N than
14N. On average, ¥N-containing molecules
react faster (e.g. with an enzyme) than
those containing 1°N. By definition, if a
substrate and a product maintain the same
15NI/*4N ratio (R: Box 1), no fractionation
occurs, thatis a, the R roduct: Rsubstrate ratio, or
FRACTIONATION FACTOR (See Glossary), is unity.
Deviations in o from unity indicate isotopic
fractionation. To allow fractionations to be
expressed on the d scale (Box 1), a values
are transformed as follows:

£=1000(a-1) (1)

eis the difference in 3'°N between a
substrate and its immediate product. For a
given reaction, € is not constant?, but
depends on external conditions, for
example, temperature. Representative €
values that have been measured for major
N cycle processes are shown in Table I.
During a reaction, the 8'°N of residual
substrate (&) changes according to€:

5, = & +eIn(1-f) @)

9, is the initial 55N of the substrate. fis the
fraction of the substrate that has been
consumed in the reaction [Fig. |: Theoretical
changes in 3'°*N when a substrate is
converted to a product with an N isotope
fractionation (€) of 10%. and an initial 3*°N of
substrate (g,, broken line) of 0%. as a function
of the fraction of substrate converted (f). The
SN of residual substrate (upper curve) is
described by Eqn 2; that of accumulated
product (4, lower curve) by Eqn 3. When
conversion of substrate is complete, f=1 and
d,=9,]. Products become simultaneously **N

Fig. |
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depleted relative to the substrate. The '°N
of the accumulated productis:

5,= €(1-f)[In(1-f)] (3)

f
If all the substrate is consumed, f=1and 4,
= 4,, and the final product has the same
O®N as the initial substrate (Fig. I).

This Rayleigh model?applies to
unidirectional reactions in closed systems.
Although natural systems are neither closed
nor unidirectional, ecosystem &N
variations can be interpreted using Rayleigh
equations, but with important differences:
(1) Because ecologists are often
interested in N fluxes between whole
organisms, itis meaningless at that scale
to refer to ‘substrates’ and ‘products’.
These are usually replaced by the more
relevant ‘sources’ and ‘sinks’.

(2) Inanecological context, finEqns2and 3
is the extent to which the N source has been
consumed. If f=0, the N supply is effectively
infinite relative to the demand for N by
potential sinks. If f=1, the N source has been
totally consumed by the various sinks that
are present.

Table |. Representative N isotope fractionations (e) that have been measured for major

N cycle processes?

Process € (%)
N, fixation via nitrogenase 0-6
NH, volatilization 40-60
N,O and NO production during NH,* oxidation (nitrification) 35-60
N,O and N, production during NO,~ reduction (denitrification) 28-33
NO," assimilation into organic N by plants 0-19
NH,* assimilation into organic N by plants 9-18
NO," or organic N assimilation by microbes 13
NH,* assimilation by microbes 14-20
NH,* production from organic matter decomposition (ammonification) 0-5
NO," production during nitrification 15-35
Organic N assimilation by animals (deamination and transamination) 1-6

aData collated from various sources?P
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(3) In natural systems, unlike closed
vessels, aconsumed N source can be
replenished (e.g. by decomposition of
organic matter), and fvaries between 0
and 1 depending on how source supply
and consumption vary over time.

(4) Ifthe supply of an N source is effectively
infinite relative to demand, f — 0 and the
O™N of source N remains unaffected by
fractionations, thatis o =9, Ifsuch

source

conditions apply, and recalling that:

standard d (4)

55N =1000 Q— Q
Rstandard

Eqgns 3 and 4 can be combined to give:

DRsample -R.

0 0
g _s. O

£=1000(a-1) =1000 =05
O 1+ 5sink 0O ( )
0 " 1000 O

= 5sink =A

source
Aisthe isotopic discrimination between N
source(s) and sink(s), and is, to a good
approximation, the difference in 3'°N
between them.

Notevery N cycle process always
fractionates N isotopes: it depends on the
process, on external conditions and the extent
to which the N source has been consumed.

A process that fractionates N isotopes
can be distinguished from one involving the
mixing of isotopically distinct poolse. A
fractionating process produces a linear
relation between 3'°N of the source pool
and InC, where Cis the concentration of the
source pool. A mixing process produces a
linear relation between &°N and 1/C.
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Box Glossary

Fractionation factor: The ratio of the isotope ratio of a
product to that of the substrate in a given reaction.
(Sometimes defined as the inverse of this). If the ratio is
unity, there is no fractionation. Usually symbolized as a.
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Fig. 2. An example of the
use of natural >N
abundances (3'°N) to
trace an N source in
vegetationon a
subantarctic island!2. The
assimilation of
atmospheric NH, derived
from penguin guano was
detected using the 3'°N
values of vegetation
(circles) at eight sites
along an altitudinal
transect (curved line),
using the wide difference
in 8°N between guano N
(315N = +14.6%0) and the
NH, (8'5N = -10%o) derived
fromitand volatilized into
the atmosphere (green
rectangles). The 15N
enrichment of plants
growing on the penguin
colony suggests some
assimilation of guano-
derived soluble N

(e.g. NH,"). The relatively
15N-depleted plants
downwind of, and at
higher altitudes than, the
colony suggest the
interception of guano-
derived, 5N-depleted NH
from the atmosphere.

3

(5) If recoveries significantly exceed expectations,
contamination is likely. Samples should be cleaned up
more stringently before repeating the isolation
protocol.

(6) If recoveries are acceptable, but there are large
inter-replicate variations in 3'°N, contamination by
trace contaminants with ‘exotic’ 3°N values is
possible, but probably not serious.

Rather than depend on such methods, it is
preferable to use others that have been developed
explicitly to overcome the problems of fractionation
and contamination. Only three have been developed,
all for NO,™: one'” uses NO,™-specific dye-coupling;
the others'®19, jon exchange. These methods and their
eventual counterparts for other N compounds should
become standard items in the N ecologist’s toolkit.

Inferring processes from &°N patterns

Despite the necessity and importance of these
methods, it is still possible to do ecologically
meaningful 3°N work without them if experiments,
data collection and pattern analysis are done using
appropriate models to interpret the &'°N data.

To measure the extent of N 1ISOTOPE DISCRIMINATION
by plants, it is, according to Eqn 5 (Box 3), necessary
to measure the 6'°N of their N source(s), 9., Which
is a nontrivial task. However, it is possible to detect
discrimination evenif & . is unknown. If a range of
plants has access to the same N source, and if there is
significant variation in whole-plant '°N, that
variation would signify N isotope discrimination by
some of the plants.

For example, wild barley, Hordeum spontaneum,
genotypes grown hydroponically on the same NO,~
source varied significantly in whole-plant 3°N (= &,
Box 3), by 1.3%o (=1.0 to +0.3%0)?°. Genotypic variation
in whole-plant 3'°N implies that at least some of the
plants discriminated against °N. Had no
discrimination occurred in any genotype, the g,
values would have tracked that of the common N
source. (In the unlikely event of all plants
discriminating equally, there would have been no
variation in §,; , and it would have been impossible to
infer discrimination.) In this study?, J was

source

known and constant (~+1%o), suggesting that
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Box 4. 85N pool rules

(1) When a pool is (bio)chemically transformed, the
5N of the product and residual pools change
according to Rayleigh kinetics over an
infinitesimal time interval (Box 3, Fig. I).

(2) The &N of a system can change only if N with a
O'5N different from that of the system enters or
leavesit.

(3) When a pool divides, but is not transformed,
there is no change in &'°N of either pool.

(4) When pools mix, the resulting 8'°N is a mass-
weighted mean of the 3N of each pool (Box 2).

discrimination had indeed occurred, at least in those
genotypes where &'°N was at the negative end of the
range. The mechanism of discrimination was
unknown, but the loss of certain products of N
metabolism (and that were isotopically distinct from
O,ni- Rule 2, Box 4) via root efflux seems the most
plausible explanation?,

6SDLIFCE

Source nitrate
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Organic Residual
N nitrate

Nitrate
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Y

Nitrate
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Mixing

Total N in
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Fig. 3. The main types of process that can affect the relationship between
the 8N of a plant (4, ) and that of its N source (&,,,..)- O reflects not
only o, ... butalso N isotope fractionation during NO," assimilation,

N losses from the plant, and the mixing of different N pools within the
plant®. N isotopes can be fractionated according to a Rayleigh model
(Box 3) when NO,"is assimilated, that is, the &°N values of organic
assimilation products can be different from that of any NO,~ remaining
unassimilated. The pool of unassimilated NO,~ in the plant divides if some
NO,"is lost from the plant by, for example, efflux from roots. The total N
leftin the plantis a mixture of assimilated N and unassimilated NO,", so
that J, is amass-weighted mean of the 35N values of these pools

'source

(Box 2), and does not necessarily have asimple relationshipwith & ...
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Fig. 5. Correlation
between foliar 3'5N
(averaged across the
plant taxa at each site) and
the mean annual rainfall
at those sites; data
collated from numerous
sources’®. The regression
foliar 3'>N =4.49 - 0.003.
Rainfall is significant at
P<0.000, r=-0.59,

n=97
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Fig. 4. Examples of absolute errors in 3'5N measurements. (a) Absolute
errors (%) in 8'°N measurement as a function of the fraction of When & is unknown, N isotopic
source !

substrate converted to product (f), for different N isotope fractionations
(g, %o, numbers on curves). Error is calculated as the difference in 3'°N
between the initial substrate and the product, according to a Rayleigh
model (Box 3). For the error to fall below 1% (upper broken line), at least
92% of the substrate must be converted if the absolute magnitude of €
exceeds 5%.. The corresponding conversion for the error to fall below
0.2%o, the maximum routine accuracy of 85N analysis (lower broken
line), is at least 98.5%. (b) Absolute errors (%) in 3°N measurement of a
certain N compound (the ‘target N’) in a mixture of N compounds. Error
is calculated as the difference in 3'°N between that of the target (&;) and
that of the mixture (). Each curve shows how the error depends on
the fractional purity (¢) of the mixture with respect to the target, for a
given difference (numbers on curves) between & and the net 5'°N of the
contaminants (J;). These curves were derived from an isotope mass
balance (Box 2) and are described by §,-3_ . = (6;-9,) (1-9). If the 3'°N of
the target differs by >10%. from that of the contaminants, the mixture
must be at least 90% pure target N for the error to be <1%. (upper broken
line). The corresponding purity for the error to be <0.2%. (lower broken
line) is at least 98%.
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discrimination by plants can be inferred if the
following precautions are taken which, although of
little use in natural settings, can be applied in
controlled environments:

(1) Grow plants on acommon N source that has a
known 35N (i.e. use hydroponics? or sand?!; avoid soil
containing many potential sources of unknown 3*N).

(2) Compare many plants to reveal interplant 3'°N
variations when growing on that common N source.

(3) Compare genetically similar plants (i.e. plants
unlikely to have evolved different N source preferences
and microbial, especially mycorrhizal, symbionts).

(4) Avoid comparisons among relatively unrelated
taxa and disparate life forms.

(5) Measure whole-plant 85N, not just foliar 6**N
(i.e. roots must be harvested).

(6) Avoid treatments (e.g. N starvation?) that
deprive plants of the opportunity to discriminate
(because f - 1 and, therefore, A - 0: Box 3).

This study? illustrates that the information
provided by 8N is often circumstantial rather than
definitive. 3'°N can provide clues about, or reveal the
‘footprint’ of, a process, but not necessarily deliver
conclusive evidence for its cause. Another example
where this applies is the use of Rayleigh models
(Box 3) to detect N transformation processes in the
field, and to distinguish such processes from others
that involve the mixing of isotopically distinct N
sources. In an arid juniper woodland in Utah, there
was an inverse relationship between the total N
content of the soil and soil '°N (Ref. 22). The data
fitted a version of Eqn 2 (Box 3), implying that N had
originally entered the ecosystem from one source,




Glossary

14N: the more abundant of the two stable isotopes of nitrogen, atomic mass = 14.

15N: the less abundant of the two stable isotopes of nitrogen, atomic mass = 15.

Cryptobiotic: referring to organisms that are concealed in crevices or by stones.
Denitrification: the microbial reduction of NOS‘ to NZO, and of NZO toN,.

Isotope: Atoms of an element whose nuclei contain the same number of protons but different
numbers of neutrons. N nuclei contain seven neutrons; **N nuclei, eight neutrons, both contain
seven protons. Unstable isotopes are radioactive and potentially hazardous to work with; stable
isotopes are not radioactive.

Isotope abundance: the amount of an isotope, whether expressed on the atom % or dscale.
Isotope fractionation: the extent to which the isotopes of an element are separated between a
substrate and a product during a reaction. Usually symbolized as €.

Isotope discrimination: the difference in & value between a source and a sink. Usually

symbolized as A.

Isotopic tracer: an isotopically distinct, but chemically indistinguishable substance, added to a
system to follow the substance as it is transformed and transported.

Mixing model: a way of calculating the extent to which the isotopic abundance of a sample is
caused by the mixing of isotopically distinct sources.

N source: a form of N that is captured from the environment and which can be used in
metabolism by living organisms.

N sink: an organism or group of organisms that consume certain N sources in response to a
metabolic demand, or a non-biological process (e.g. leaching or ion exchange) that removes N

from asource pool.

Natural abundance: the abundance of an isotope in samples to which no tracer has been

added.

Rayleigh model: a mathematical description of how the isotopic compositions of a substrate
and a product change as a reaction proceeds. Developed originally by Lord Rayleigh.

3 scale: differences in isotope ratio between sample and a standard, normalized to the isotope
ratio of the standard. Usually expressed in units of parts per thousand (%o).

815N the abundance of 15N on the d scale. Usually refers to the natural abundance of 15N.
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probably via the N,-fixing cyanobacteria and lichens
in a crypTOBIOTIC Crust covering the soil surface.

The data also suggested that N had been lost from the
soil by, at least in part, a process that caused N isotopic
fractionation. Had significant mixing of N sources
caused the observed changes in soil 35N, the data would
have fitted a mixing model (Box 2) rather than a
Rayleigh model (Box 3). This study?? provided evidence
for the importance of cryptobiotic crusts to the N cycle in
arid ecosystems. The partial loss of the cryptobiotic
crusts, and their N inputs, by soil disturbance has
caused significant heterogeneity in soil N content, and
could jeopardize local N dynamics over the long term.

Similar approaches have been used to infer the
occurrence of denitrification in groundwater?® and soil?*.
In each of these studies 2224, 315N data allowed the likely
importance of alternative N cycle process to be
evaluated. To attempt this by direct measurement of
those processes would have required far greater effort
and, possibly, the risk of measuring the wrong processes.

Although most field-based use of 3'°N has been at
plot or community scales (Table 1), 8'°N might have
greater utility at biome or global scales where some
of the subtleties of N metabolism and N cycling can
be ignored. For example, in a global survey of
terrestrial vegetation'®, site-averaged foliar 3N
decreased significantly as mean annual rainfall
increased (Fig. 5). Similar trends occur at
subcontinental?® and insular2é scales, but these
might be difficult to detect at landscape scales?’. At
large spatial scales, foliar 3'>N seems to reflect
mainly ecosystem water availability, which must
influence local N cycle processes, especially those

http://tree.trends.com
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involving soil microbes?8. Some repeatable 5°N
patterns do occur locally: for example, increases in
O'5N with soil depth9, or correlations between foliar
5'®*N and type of mycorrhizal symbiont?°.

Mechanistic explanations for local or global 3*°N
patterns will require models that include rules such as
those in Box 4 applied to specific processes. It will then
be possible to use 3'°N approaches to say, for example,
whether N cycling in a certain ecosystem is ‘open’ or
‘closed’?¢, that is, the extent to which N is retained
within an ecosystem over time. This is important
when considering the mechanisms for the turnover
and transport of N within ecosystem N pools,
including that from atmospheric pollution.

Another repeatable 5'°N pattern is the increase in
the 8N of animals with their trophic position. The
more N enriched the tissues, the higher the trophic
level of the animalC. This pattern has been best
characterized in rivers, lakes and seas. The mean 15N
enrichment of 3.4%. with trophic level in those
systems3! has become the ‘rule-of-thumb’ for
subsequent studies®2. Trophic level 1N enrichment
occurs because excess dietary N is excreted as waste
products that are >N depleted compared with
residual N in the tissues (as a result mainly of
deamination and transamination reactions33).

Isotopic differences among animals have been
exploited in studies of feeding behaviour. For
example, 3N (with &'3C) analyses of tissue
composition were used to track temporal shifts in the
diet of a generalist predator (the American marten,
Martes americana) as the availabilities of alternative
prey fluctuated34. When preferred prey (small
rodents) were scarce, salmon carcasses formed a
larger fraction of the diet of the martens, as deduced
from a mixing model (Box 2).

The trophic level 1°N enrichment is not constant,
however3®, It can change with the dietary state of an
animal (e.g. if it has been metabolizing N reserves
rather than assimilating recently caught foods3é:37). It
can also depend on the ecosystem. The 3.4%o. ‘rule’ does
not hold for soil invertebrates38, for reasons that
remain unknown, but could reflect the chemical
heterogeneity of soil organic matter. Nevertheless, the
utility of >N (with 613C and, sometimes, &**S:

Refs 13,30) to indicate trophic relations will be greatest
where direct observations of feeding behaviour are
difficult, as in soil3¢37 and within host—parasite
associations®?, or impossible, as in the distant past*°.

Conclusions

The emergence of robust 3'°N patterns within and
among ecosystems, at small and large scales, and
across diverse taxa and life forms, illustrates the
opportunities for using 8'°N as an integrator of N
cycle processes. The challenge lies in finding ways to
interpret 5'°N data in terms of those processes, using
the power of isotope fractionation and mixing rules
(Box 3 and 4) to constrain the range of ecological
interpretations that can be made.
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