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I. Introduction

Nitrogen (N) commonly limits plant growth in terrestrial ecosys-
tems (Tamm, 1991; Vitousek & Howarth, 1991) and how plants
obtain N influences both vegetational responses to elevated CO,
(Finzi et al, 2007) and competitive interactions within plant
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Summary

In this review, we synthesize field and culture studies of the ">N/"*N (expressed as §'°N) of
autotrophic plants, mycoheterotrophic plants, parasitic plants, soil, and mycorrhizal fungi to
assess the major controls of isotopic patterns. One major control for plants and fungi is the
partitioning of nitrogen (N) into either "°N-depleted chitin, ammonia, or transfer compounds or
">N-enriched proteinaceous N. For example, parasitic plants and autotrophic hosts are similar in
8"°N (with no partitioning between chitin and protein), mycoheterotrophic plants are higher in
3"°N than their fungal hosts, presumably with preferential assimilation of fungal protein, and
autotrophic, mycorrhizal plants are lower in "°N than their fungal symbionts, with saprotrophic
fungiintermediate, because mycorrhizal fungitransfer >’N-depleted ammonia or amino acids to
plants. Similarly, nodules of N-fixing bacteria transferring ammonia are often higher in §'°N
than their plant hosts. N losses via denitrification greatly influence bulk soil 3'°N, whereas §'°N
patterns within soil profiles are influenced both by vertical patterns of N losses and by N transfers
within the soil-plant system. Climate correlates poorly with soil 5'°N; climate may primarily
influence 3"°N patterns in soils and plants by determining the primary loss mechanisms and
which types of mycorrhizal fungi and associated vegetation dominate across climatic gradients.

communities (Wilson & Tilman, 1991). Most plants rely on
symbiotic (mycorrhizal) fungi to supply them with N. These fungi
function at the interface between plants and the soil from which
plants derive their nutrients, with much of the carbon (C) flux from
plants to the soil mediated by mycorrhizal fungi. Because of the
increased surface area for nutrient absorption of fungal hyphae and
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the extensive enzymatic capabilities of many mycorrhizal fungi, the
dominant plants in most ecosystems are mycorrhizal.

Mycorrhizal fungi can be separated into three major groups,
arbuscular mycorrhizal, ectomycorrhizal, and ericoid mycorrhizal
fungi. These fungal types differ considerably in their spatial extent,
C demands, type of host plant, species diversity, enzymatic
capabilities to access different forms of N, and association with
different N dynamics (Read & Perez-Moreno, 2003; Smith &
Read, 2008; He ez al., 2009). In general, arbuscular mycorrhizal
fungi are adapted to sites with high rates of N cycling and lack
proteolytic capabilities, ericoid mycorrhizal fungi are adapted to
organic-rich ecosystems with low rates of N cycling and have good
proteolytic and litter-degrading capabilities, and ectomycorrhizal
fungi vary greatly in their enzymatic capabilities. Ectomycorrhizal
taxa with hydrophilic ectomycorrhizas often lack proteolytic
capabilities and assimilate soluble N forms after release from free-
living microbes, whereas other ectomycorrhizal taxa with hydro-
phobic ectomycorrhizas have proteolytic capabilities and are
adapted to N-limited conditions (Lilleskov ez al., 2011). Rates of
N decomposition may therefore determine the extent to which
plants rely on N mobilized by mycorrhizal enzymes for N supply.
Many saprotrophic fungi and many ectomycorrhizal fungi with
hydrophobic ectomycorrhizas also form aggregated hyphae
(thizomorphs) for long-distance transport, which is presumably
an adaptation for patchily distributed resources (Peay ez al., 2011).

One common technique for assessing N dynamics, measuring N
isotope ratios (N/'¥N) in plants and other ecosystem pools, has
proved useful because it reflects the sum total of inputs, outputs,
and fractionation processes. In addition, interpretations of N
isotope ratios at natural abundance do not need to consider
experimental artifacts, which may be a problem in N isotope tracer
studies. Despite these advantages, the interpretation of N isotope
patterns in nature remains an inexact science because of the range of
fluxes potentially influencing specific pools, difficulties in studying
the soil processes that control many key N transformations, and the
uncertainty of isotopic fractionation during many of these
processes (Robinson, 2001). As a result, although quantitative
and analytical relationships among 8'°N of different ecosystem
components have been proposed, scientists have lacked underlying
theories to explain N isotope patterns that are as widely accepted as
those used to interpret plant isotope patterns of C (Farquhar ez af.,
1982), hydrogen, and oxygen (Roden ez /., 2000).

Mycorrhizal fungi appear to be key mediators of N movement in
the plant—soil system that can influence isotopic patterns. Mycor-
rhizal fungi provide plants with access to organic N forms that are
usually higher in "N than the inorganic forms generally considered
available to plants. Mycorrhizal fungi also retain '°N-enriched N
and transfer '’N-depleted N to plant hosts. They also influence N
availability by competing against saprotrophic (free-living) fungi
and bacteria for N and assimilating ammonium and organic N
before it can be mineralized or nitrified. Mycorrhizal fungi
therefore influence ecosystem N loss rates via denitrification and
nitrification, processes that discriminate strongly against "’N. We
accordingly propose that interactions between plants and mycor-
rhizal fungi greatly influence both plant and soil 3'°N. Many
ectomycorrhizal fungi (but not other mycorrhizal fungi) produce
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macroscopic reproductive structures (sporocarps) that can be
readily sampled for isotopic analyses, providing additional insights
into their functioning.

A previous Tansley review by Hégberg (1997) laid out both
general principles and numerous case studies on N isotope patterns
from individual systems. Since then, several broad surveys have
been published of § N patterns in foliage, soil, and fungi (Handley
et al., 1999; Amundson et al., 2003; Craine et al., 2009; Hobbie
& Ouimette, 2009; Mayor et al, 2009). In addition, several
reviews have addressed different aspects of N isotope interpreta-
tion, with general overviews by Evans (2001), Robinson (2001),
and Adams & Grierson (2001), the biochemical basis for N isotope
patterns in Werner & Schmidt (2002), the controls over fungal
3N by Hobbie (2005), and using natural abundance and tracer
>N to assess transfers of N in fungal-plant networks by He et a/.
(2009).

In this review, we combine insights from culture studies and site-
specific field studies with data from broad surveys to assess whether
mycorrhizal fungi drive N isotope patterns in terrestrial plants and
soils. We also explore the links between functional characteristics
and 8'°N in different taxa of ectomycorrhizal fungi. The §'°N
patterns in mycoheterotrophic plants (reliant on fungi for their C
and nutrients), parasitic plants (tapping into the xylem or phloem
of other plants), and Ny-fixing plants are also examined for
potential additional insights into mechanisms governing isotopic
patterns in symbioses.

Il. Background on isotopes

Nitrogen has two stable isotopes, N (0.3663% of total) and "N
(99.6337% of total). Most physical, chemical and biochemical
processes favor the initial incorporation of the lighter isotope in the
product, leaving the substrate enriched in the heavy isotope.
The magnitude of this ‘isotopic fractionation’ differs depending on
the compounds involved and the specific reaction mechanism.
Isotopically fractionating processes therefore result in differences in
the isotopic ratios between the substrate and the product. These
ratios depend on the isotopic ratio of the substrate, the proportion
of substrate transformed to product, and whether the system is open
or semi-closed (Fig. 1). Isotope effects during reactions can be
expressed mathematically in several ways. In one convention,
isotopic fractionation is expressed as the rate reaction or equilib-
rium constant of the light isotope divided by that for the heavy
isotope, such that o = "“K/"’K. The reverse convention of
o = PK/MK is occasionally reported.

Natural abundance studies use isotopic differences among
different ecosystem pools and compounds to understand the
sources and fluxes of many biologically important compounds.
Because differences in isotopic ratios are very small, they are
measured using the ‘0’ notation, as deviations in parts per mil (%)
from a standard ratio, according to Eqn 1.
515N(%0) = (Rsample/Rstandard - 1) X 10000/00 Eqn 1

In Eqn 1, R equals the molar abundance of the heavy isotope
divided by the light isotope ("’N/'N). The isotopic standard
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© 1.7 aFungalN (substrate pool) A = (8" Niouree = 515NPf0dm)/(1 + 515Npr0du0t) Eqn 3
z Initial : o o :
% | Available N — ¢/ EAf An important distinction in interpreting isotopic patterns is
' whether kinetic or equilibrium isotopic effects dominate in a
Plant N (product) . .. . . .
reaction. In kinetic isotopic effects, the light isotope reacts more
(b) rapidly than the heavy isotope, so that the resulting product is
30l | depleted in the heavy isotope relative to the substrate. Isotopic
effects during irreversible reactions are governed by kinetic isotopic
effects. By contrast, in equilibrium reactions the back-reaction
20 | from product to substrate also occurs, and therefore the kinetic
) isotope effects for both the forward and back reactions must be
z 10 _ R, considered. In equilibrium reactions the heavy isotope generally
o vF__Ung' P concentrates in the compound with stronger bonds (Bigeleisen,
ok e 1965). For example, in the equilibrium reaction between ammonia
10%0T and ammonium, the ammonium ion accumulates 19-219/, more
PlantN N than ammonia, whereas the kinetic isotope effect of the
10 | forward reaction is ¢. 279,,. Similarly, the equilibrium isotope effect
0.0 02 04 06 08 10 in a reaction is the sum of the forward and the backward kinetic
Transfer ratio isotopic effects; for example, for the reaction glutamate + oxalo-
acetate — alpha-oxoglutarate + aspartate as catalyzed by oxaloac-
© 40 etate:glutamate aminotransferase, the forward reaction has a kinetic
isotope effect (designated o) of 1.0083 and the back reaction a
30 ] kinetic effect of 1.0017, so that the equilibrium isotope effect is
1.0083/1.0017 = 1.0066, or a 6.6%, discrimination against '°N
20¢ il (Macko et al., 1986).
g Information about patterns of '°N discrimination in biochem-
z o Fungi 1 ical reactions can be useful. However, translating such information
© Instantaneous into insights into the behavior of bulk samples is not easy. Both
or 10%o T pLOPEEt//”// I kinetic and equilibrium isotopic effects are often reported, with
T . equilibrium effects equivalent to adding the kinetic effects for the
T Plant N i . ep . .
forward and the back reactions of an equilibrium reaction. Some of
‘ ‘ ‘ . the most important reactions for isotopic distributions are
_2%_0 02 04 06 08 1.0 presented in Table 1. Equilibrium isotope effects were summarized

Transfer ratio

Fig. 1 Nitrogen (N) isotope patterns in an open vs a semi-closed system. In
this example, the substrate, available N, is taken up by fungi, then a fraction
(transfer ratio, T,) is transferred to host plants (product pool) with a
fractionation of A¢ during creation of transfer compounds (a). At a value for
available N of 0%, and for A¢ of 10%,, this leads to the isotopic patterns shown
in open systems (b), and semi-closed systems (c), as T, is varied from O to 1.
The remaining fraction (1 — T,) is used to construct fungal biomass.
Modified from Hobbie & Agerer (2010). With kind permission from Springer
Science and Business Media.

for N is atmospheric N, (’N/"*N = 0.0036765; Mariotti, 1983;
Hoefs, 1997). For 8'°N, pools in terrestrial ecosystems are usually
between 20 and —109,. In comparisons among samples, samples
with more of the heavy isotope are commonly referred to as
isotopically enriched, or heavy, and samples with less of the heavy
isotope are referred to as isotopically depleted, or light. Isotopic
fractionation in per mil is expressed as A, with
A = (2~ 1) x 1000%, Eqn 2

If a steady state is assumed, isotopic fractionation (A) for
reactions in open systems can be calculated based on the isotopic
signature of the source and product according to Eqn 3.

© 2012 The Authors
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in Rishavy & Cleland (1999) and kinetic isotope effects were
summarized in Werner & Schmidt (2002). An additional factor to
consider when applying isotopic discrimination factors is whether
to treat a system as open or closed, as for the same isotopic
discrimination factor the resulting distribution of isotopic values
will differ. Metabolic branch points, where different metabolic
products are produced from a common precursor substrate, are also
required for isotopic differences among different pools, as pointed
out for C isotope distributions by Hayes (2001).

Different mathematical models have been created to explain
isotopic partitioning in two-component systems that are consid-
ered to be open (exogenous inputs to the system) or closed (no
inputs to the system; Hayes, 2001). As an example of an open
system (Fig. 1b), the proportion of N taken up by mycorrhizal
fungi that is then passed on to host plants, termed the transfer ratio
(T}), can explain N isotope patterns in mycorrhizal plants according
to the following equation (Hobbie ez al., 2000):

15 15
0 Nplam =0 Navailablenitrogen - (1 - Yvr) x A Eqﬂ 4
with the transfer ratio, 7., between 0 and 1, and the discrimination
against N during the creation of transfer compounds (A) of

8-10%,. To explore isotope patterns among plants, available N,
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Table 1 "N fractionation during biochemical reactions or '>N enrichment
between protein and chitin

Reaction Value (9,) Source References
Nitrogen fixation 0-2 - Hogberg (1997);
Clarkson et al. (2005)
Denitrification 13.2 Field Houlton et al. (2006)
Denitrification 13-30 Field Pérez et al. (2000)
Mineralization 2.4 Field Koba et al. (2003)
Nitrification 11.4 Field Koba et al. (2003)
Protein — chitin 9.9 Field Taylor et al. (1997)
Protein — chitin 8-10 Field Hobbie & Colpaert (2003)
Protein — chitin 7,15 Field Hobbie et al. (2012)
Polypeptide 10',24>  Laboratory Medina & Schmidt (1982)
cleavage
Urea hydrolysis 8 Laboratory  Werner & Schmidt (2002)
Arginine hydrolysis 10 Laboratory  Werner & Schmidt (2002)
Ammonium 9-20 Laboratory Handley & Raven (1992)
assimilation
Transamination 8.3%,1.7% Laboratory Werner & Schmidt (2002)

Here, laboratory studies were all of kinetic isotope effects, whereas field
studies were of net measured fractionations.

"Chymotrypsin.

2Papain.

3Glutamate — aspartate.

“Aspartate — glutamate.

and mycorrhizal fungi in an open system, Eqn 3 can be rearranged,
with 815I\Iplam = 8ISI\Iproduct) and 615I\Ia\vailable nitrogen 815Nsub»
strare- As a simplification, the denominator (1 + 5! Nplane) can be
dropped, as with a value of 515Nplam usually between —10 and
109, the denominator is generally between 0.99 and 1.01. We
previously used N budgets and '°N differences among available N,
nonmycorrhizal pines and mycorrhizal pines under controlled
conditions (Hobbie & Colpaert, 2003) to estimate A at 99,. The
'>N content of mycorrhizal fungi can then be calculated according
to Eqn 5.
8" Niung = 6" Navaiable nitrogen + 75 X A Eqn 5
In an intermediate case, the semi-closed system, the fungal pool
is not replenished by additional N from the available N pool. In this
system (Fig. 1¢), Eqns 6 and 7 can be used to calculate the isotopic
signatures of plants and fungi, respectively (modified from Hobbie
et al., 2005). The quantity fis the proportion of original substrate
transformed to product, and is equivalent to the transfer ratio (7;)
in Eqns 4 and 5.

515Nfungi - 515Navailablenitrogen —Ax loge(l _f) Eqn 6

515Nplant - 515Navailablenitrogen + A x (logef)/(l _f) Eqn 7

This approach can be used directly on data from laboratory
settings, where 8" N, vailable nitrogen 15 known. In field settings,
the multiple N sources have dynamically varying isotopic
signatures, which restricts the direct application of these
equations.
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lll. Patterns of soil 8'°N

1. Bulk soil

Bulk soil 3'°N in a steady state must reflect the input and output
3N signatures (Amundson ez /., 2003). Thus, if mycorrhizal
type or soil age correlates with soil 8'°N, then this presumably
reflects parallel correlations between these parameters and the
proportion of N lost via highly fractionating reactions, such as
denitrification and nitrification. Houlton ez 2/ (2009) showed that
streamwater nitrate was similar to bulk soil, and denitrification
losses of N, and N,O must therefore be the dominant influence on
system "°N balances.

Large-scale databases for soil 8'°N were compiled by Martinelli
et al. (1999), Handley ez al. (1999) and Amundson et al. (2003).
Bulk soil §"°N averages between 2 and 69, in most cases, with soil
8'°N values commonly increasing with greater depth in the soil
profile. Amundson ez /. (2003) integrated 8'N values for the top
50 cm of soil, and then regressed these values against site
temperature and precipitation for both their entire data set and a
subset of their data set (termed the climosequence data) for which
mountain sites were selected specifically along gradients of
precipitation and temperature. This climosequence regression
(adjusted # = 0.36; n = 30) was then applied to global patterns of
precipitation and temperature to create a global map of estimated
soil 3'°N. Subsequent work has applied this regression to calculate
global patterns of trace gas fluxes from soil, under the assumption
that soil ' °N is at steady state, and reflects the fractionation against
'>N of the major loss terms, and that the calculated regression is a
reasonable representation of the influence of precipitation and
climate on patterns of N losses and global patterns of soil §'°N
(Houlton ez al., 2009).

Soil "N was poorly correlated with climate for the complete
data set (adjusted 7 = 0.16; 7 = 48), and very poorly correlated
with the data that were not part of the climosequence data set
(adjusted # =0.05; n=18). Thus, the regression model of
Amundson ez al. (2003) predicted soil §'°N reasonably well for the
specified mountain locations, but lacked predictive power outside
of these sites. Accordingly, using this regression to estimate global
patterns of 8"°N and trace gas fluxes (denitrification in Houlton
et al., 2009) is not valid in our view. We conclude that factors other
than climate must influence the long-term fluxes of '’N-depleted N
from soil.

Because mycorrhizal type varies strongly with climate (Table 2)
and is correlated with patterns of N cycling (Read & Perez-Moreno,
2003), the hidden influence of mycorrhizal association is a
potentially confounding factor. We reanalyzed the climosequence
data of Amundson ez /. (2003) by adding mycorrhizal type as an
additional variable, with sites classified as dominated by nonmy-
corrhizal, ectomycorrhizal, or arbuscular mycorrhizal plants, and a
few savannah sites classified as mixed arbuscular mycorrhizal/
ectomycorrhizal. The regression analyses on the Amundson ez al.
(2003) data are presented in Table 3. Adding mycorrhizal type to
the model increased the strength of the regression, with the adjusted
# increasing from 0.35 to 0.52 for climosequence data and from
0.16 to 0.27 for the entire data set. Temperature explained the
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Table 2 Mean annual temperature (MAT; °C) and precipitation (MAP; mm)
+ SE for sites where foliage of different mycorrhizal types was collected in
the Craine et al. (2009) database of foliar 5'°N

Mycorrhizal type MAT MAP n

Nonmycorrhizal 1.3+05 439 £ 14 702
Arbuscular mycorrhizal 18.5 £ 0.1 1162 + 9 8609
Ectomycorrhizal 45+0.2 983 = I3 1824
Ericoid mycorrhizal 0.7 +04 604 + 19 692

n is the number of each mycorrhizal type in the database.

smallest amount of variance. Thus, precipitation and mycorrhizal
type are more important than temperature in influencing the §'°N
of bulk soil over climatic gradients.

Age may be an additional factor influencing bulk soil §'°N. For
example, tropical ultisols and inceptisols in Costa Rica and Panama
(apparently dominated by arbuscular mycorrhizal trees) were
depleted by 4-5%, in "°N relative to old and highly weathered
Brazilian oxisols (Pérez et al., 2000; Corre et al.,2010). In general,
older soils in chronosequence studies have higher 8'°N values
(Brenner er al, 2001; Menge er al, 2011), presumably as a
consequence of N limitation decreasing and losses of nitrate, N,O,
and N, increasing as phosphorus availability decreases.

The effects of denitrification and nitrification on soil "N
enrichment were explored by Houlton ez /. (2006, 2007) in
Hawaii in two detailed studies. In these studies, N isotope patterns
in plants, soil, and inorganic N across a precipitation gradient from
2200 to 5000 mm indicate that sites with higher rainfall may allow
essentially all produced nitrate to be denitrified, leading to no N
enrichment of soils. By contrast, with partial denitrification at
lower rainfall, ">N-enriched residual substrate was reassimilated,
leading to "°N enrichment of the resulting soils.

2. Soil profiles

Bulk 8'°N generally increases within soil profiles and provides
information about what processes control N movement and
retention. This increase varies with the dominant mycorrhizal type;
8'"°N increased with depth an average of 9%, in ectomycorrhizal

Tansley review

systems and 49/, in arbuscular mycorrhizal systems (measured from
the litter to 50 cm depth; Hobbie & Ouimette, 2009). In 40% of
arbuscular mycorrhizal systems, soil 8'°N increases initially and
then declines at greater depths. This presumably reflects the
importance in some arbuscular mycorrhizal systems of '’N-
depleted products, such as dissolved organic N or nitrate, which can
be reassimilated at greater depths. In addition, the loss of °N-
depleted N,O and N, may enrich the remaining N in N
primarily at depths favorable for denitrification. When mycorrhizal
typeisignored, mean annual temperature (MAT) and precipitation
(MAP) weakly correlate (adjusted # = 0.17) with the difference in
8"°N between soil at 50 cm depth and litter (Hobbie & Ouimette,
2009) according to the following equation, with MAP measured in
millimeters:

SV Nl tier = — 0.161 x MAT — 7.88 - 10™% x MAP + 11.3
(P<0.001, = 85)
Eqn 8

However, when soils are classified by mycorrhizal type into
arbuscular mycorrhizal (AM), ectomycorrhizal (ECM), and mixed
arbuscular/ectomycorrhizal systems, temperature and precipita-
tion no longer influence the N enrichment of soil at 50 cm
relative to surface litter and the strength of the regression increases

to an adjusted 7 of 0.46 (Table 4).

515Nsoil—litter =—-3.29 x [AM} +1.18 x [ECM] +9.07
(P<0.001, 7 = 85)
Eqn 9

Thus, "N enrichment in soil profiles is ¢ 4.5%, higher in
systems dominated by ectomycorrhizal symbioses than in systems
dominated by arbuscular mycorrhizal symbioses. Transfer of
N-depleted N to ectomycorrhizal plants and retention of
N-enriched N by ectomycorrhizal fungi appears to drive "’N
depletion in surficial litter layers and '°N enrichment in deeper soil
horizons, as also suggested in several previous studies (Hogberg
er al., 1996; Billings & Richter, 2006; Lindahl ez a/.,2007; Hobbie

Table 3 Mycorrhizal type and climate correlate with the 8"°N of bulk soil (0-50 cm)

Climosequence Climosequence All Samples All Samples
Parameter No mycorrhizal Mycorrhizal No mycorrhizal Mycorrhizal
Adjusted r? 0.360 (< 0.001) 0.527 (< 0.001) 0.159 (0.008) 0.267 (0.002)
Intercept 4.4+ 1.1 49 +13 39+ 1.1 28+13
MAT 0.17 + 0.06 (0.010) 0.15 + 0.09 (0.136) 0.20 + 0.07 (0.006) 0.14 + 0.07 (0.057)
MAP —0.7 + 0.4e 2 (0.002) —1.6 £ 0.3e 7 (< 0.001) —1.2 £ 0.3e 2 (0.073) —1.01 = 0.38¢3(0.010)
AM - 1.67 + 0.64 (0.015) - 2.65 + 0.87 (0.004)
AM/ECM - - - —2.12 £ 0.73 (0.007)
ECM - —0.22 £ 1.20(0.858) - 1.54 + 1.05 (0.151)

Climate and bulk soil data are from Amundson et al. (2003); mycorrhizal type is based on dominant vegetation, and classified as arbuscular mycorrhizal
(AM) (32), ectomycorrhizal (ECM) (11), mixed arbuscular/ectomycorrhizal (AM/ECM) (4), and nonmycorrhizal (1) (Supporting Information Table S1).
Regressions include either the complete data set (n = 48) or just climosequence data (n = 30) from mountain gradients of temperature or precipitation.
Regressions were done with or without mycorrhizal type as an explanatory variable. Mycorrhizal type significantly correlated with bulk 3'°N for the
climosequence (P = 0.009) and the complete data set (P = 0.033). Significance values indicated in parentheses after coefficients (+ SE) for different variables.
e 3 =103 Regressions were done using ymp 9.0 (SAS, Cary, NC, USA). MAT, mean annual temperature (°C); MAP, precipitation (mm).
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Table 4 Regressions of climate and mycorrhizal type against '°N enrichment
between surface litter and deep soil

Parameter Value + SE P

Adjusted r? 0.456 < 0.001
Intercept 9.1 +£1.1 < 0.001
MAT —0.028 + 0.057 0.624
MAP 3.1+ 2.6e-4 0.222
Mycorrhizal type - < 0.001
AM —3.29 + 0.51 < 0.001
ECM 1.18 £ 0.55 0.037

Climate, soil data, and mycorrhizal type are from Hobbie & Ouimette (2009).
Mycorrhizal type is based on dominant vegetation, and classified as
arbuscular mycorrhizal (AM) (32), ectomycorrhizal (ECM) (47), and mixed
arbuscular/ectomycorrhizal (6) (Supporting Information Table S2). MAT,
mean annual temperature (°C); MAP, precipitation (mm).

& Ouimette, 2009). For example, in chronosequences of boreal
forests the lowest part of the surficial organic mor layer becomes
increasingly enriched in N with age (Wallander ez al., 2009). In
these systems, correlations of >N with fungal biomass and low pH
(limiting nitrification) led the authors to conclude that redistribu-
tion of N isotopes resulted from the ectomycorrhizal symbiosis
rather than from N losses.

3. Forms of nitrogen

Although isotopic measurements of bulk N are common,
measurements of other N forms are scarce. Ammonification
discriminates slightly against >N (Koba et al., 2003), whereas the
discrimination against N during nitrification and denitrification
is larger (Table 1). The relative fluxes of these three processes will
accordingly affect the isotopic relationships among bulk soil,
ammonium, and nitrate (Houlton ez @/., 2007). Nitrate is usually
1-6%, depleted in "°N relative to ammonium in N-limited
systems. Such patterns have been reported from coniferous forests
(Choi et al., 2005; Takebayashi et /., 2010) and Arctic tundra
(Yano ez al., 2009). Significant nitrification can lead to N
enrichment of ammonium relative to the bulk soil and significant
further denitrification can lead to '°N enrichment of nitrate relative
to ammonium (Koba et 4/, 1998; Houlton ez al., 2007).

The 8"°N of organic forms of N are sometimes measured in soil.
In general, dissolved organic N appears similar to bulk N values
(Houlton ez al., 2007), although Yano ez al. (2009) reported low
8"°N for dissolved organic N relative to other measured pools in
Arctic tundra. According to models and data across soil density
gradients (Sollins ez al., 2006, 2009), dense, mineral-associated
organic N that derived from proteinaceous microbial residues was
particularly high in '°N, with a maximum enrichment of 4.8%,
between the lightest and the heaviest mineral fractions (< 1.65 to
>2.55 g cm ).

IV. Patterns of fungal §'°N

Mayor er al. (2009) compiled the available isotopic data on fungi
and determined that little relationship existed between climatic
variables and N isotope patterns in saprotrophic and ectomycor-
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rhizal fungi. Ectomycorrhizal fungi averaged 6.7%, higher in '°N
than saprotrophic fungi. Other studies have reported that litter
decay fungi are 1.6-2.4%, higher in N than wood decay fungi
(Kohzu et al, 1999; Hobbie e al, 2001). Some of the °N
enrichment of ectomycorrhizal fungi relative to saprotrophic fungi
undoubtedly arises because saprotrophic fungi are active higher in
the soil profile than ectomycorrhizal fungi (Lindahl ez al., 2007),
but physiological differences, particularly the transfer of
"N-depleted N from mycorrhizal fungi to host plants (Hobbie
& Colpaert, 2003), are also important.

1. Patterns among taxa

Functional attributes may correlate with N isotope patterns in
ectomycorrhizal fungi. Lilleskov ez a/. (2002) and Trudell ez al.
(2004) suggested that rhizomorph abundance and 8"°N could be
linked, with taxa with thick rhizomorphs (aggregated hyphae for
long-distance transport) such as Cortinarius and Tricholoma
generally higher in 8'"°N than other taxa. Hobbie & Agerer
(2010) analyzed data from two previous studies of sporocarp
isotope patterns (Taylor er al, 2003; Trudell ez al, 2004) to
confirm that N isotopes correlated with functional attributes of
ectomycorrhizal fungi; specifically with how they explore the soil
(termed exploration type; Agerer, 2006) and with the hydropho-
bicity of ectomycorrhizas. The ectomycorrhizal exploration types
separated into two groups isotopically, with exploration types with
hydrophobic ectomycorrhizas averaging 3—49, higher in >N than
exploration types with hydrophilic mycorrhizas. In Table 5 we
have used the data of Mayor ez al. (2009) to report average values
for ectomycorrhizal fungi by genus, hydrophobicity, and explora-
tion type.

Because soil 3'°N increases with increasing depth, the depth at
which taxa obtain their N should also correlate with 3'°N values.
Some general patterns in depth distributions of fungal activity have
emerged from studies using morphological or genetic characteris-
tics to assess fungal identities of hyphae or mycorrhizas in the soil
profile (Landeweert e# al., 2003; Rosling ez al., 2003; Scattolin
er al., 2008). A rigorous comparison between exploration depth
and 8'"°N has not yet been carried out, although Agerer er al.
(2012) reported that 8'°N of Ramaria correlated with the observed
depth of hyphal exploration. In two Swedish studies, hyphae
harvested from in-growth bags increased by 1.6%,, from 5 to 10 cm
depth (Bostrom ez al., 2007), increased by 3.59,, from 5 to 15 cm,
and increased by 4.6%, from 5 to 25 cm depth (Wallander ez /.,
2004). Similarly, ectomycorrhizal root tips increased by 5%, from
the uppermost mor layer to 0—5 cm in the mineral soil (Hogberg
et al., 1996).

High 8"°N values pose particular difficulties in interpretation, as
they are generally higher than any concurrently measured bulk soil
pool that could serve as a source. In comparing patterns in §'°N of
soil horizons and the colonization by horizon of different
ectomycorrhizal taxa (Lindahl ez 4/, 2007) with the 8"°N of those
taxa collected from a nearby site (Taylor ez al., 2003), ectomycor-
rhizal fungi appear to be 5-9%, enriched in "N relative to the soil
horizons from which they assimilate N (Table 6). The limited data
from this study confirm that ectomycorrhizal fungi are active
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Table 5 §"°N for common ectomycorrhizal fungi

Exploration
Genus Mean (%,) n Hydrophobicity’  type’
Laccaria 0.5+0.6 15 Hydrophilic Short
Inocybe 23 +04 24 Hydrophilic Short
Hebeloma 2.7 +£11 7 Hydrophobic Short/medium-fringe
Amanita 3.1+0.5 35 Hydrophilic Medium-smooth
Russula 3.2+0.3 83 Hydrophilic Contact/short/
medium-smooth
Lactarius 42 +0.3 54 Hydrophilic Contact/
medium-smooth
Dermocybe 4.9 +1.4 11 Hydrophobic Medium-fringe
Boletus 58+ 1.0 17 Hydrophobic Long
Cortinarius 6.8 +£0.3 100 Hydrophobic Medium-fringe
Paxillus 7.1 +0.7 7 Hydrophobic Long
Leccinum 8.1+0.7 19 Hydrophobic Long
Suillus 82 +0.7 17 Hydrophobic Long
Tricholoma 9.3 +0.6 35 Hydrophobic Medium-fringe
Hydnellum 9.4 + 1.0 6 Hydrophobic Medium-mat
Tuber 15.1 £ 0.6 9 Hydrophilic Short
Hebeloma  c.21 2 Hydrophobic Short/

medium-fringe?

Values are + SE. Nitrogen represents the number of distinct species x site
combinations. Global averages are derived from Mayor et al. (2009) except
Tuber values which are from Hobbie et al. (2001).

"Fungal exploration type and presence of hydrophilic or hydrophobic
ectomycorrhizas after Agerer (2006).

2Ammonophilic taxa, data from Kohzu et al. (1999), classifications from
Imamura & Yumoto (2008).

deeper in the soil profile than saprotrophic fungi, with a 2.89,
difference in 8"°N between the potential N sources for ectomy-
corrhizal fungi (—1.19%,) and saprotrophic fungi (—3.9%,), with
two ericoid mycorrhizal taxa intermediate at —1.9%,,. With overall
averages for Stadsskogen fungi at 5.89,, for ectomycorrhizal fungi
and 0.89,, for saprotrophic fungi, this translates into a 6.99,
enrichment in N for ectomycorrhizal fungi and a 4.7%,
enrichment in ""N for saprotrophic fungi relative to the soil
horizons where these fungi are present.

Tansley review

Many taxa with high 8'°N values also possess strong prote-
olytic ability (Lilleskov ez al, 2002), so high 8'°N may be a
marker of organic N uptake (e.g. Cortinarius). In addition, two
Hebeloma species collected by Kohzu ez al. (1999) in Okinawa
and Japan are classified as ammonophilic fungi (Imamura &
Yumoto, 2008), with fruiting often indicating the presence of
dead animals or rodent burrows. Thus, the very high values for
these two taxa (c. 20%,) presumably indicate assimilation of '*N-
enriched ammonium after ammonia volatilization. Relative to
other ectomycorrhizal taxa, 8'°N values for Tuber are also very
high. However, Tuber spp. primarily colonize the mineral soil
(Baier et al., 2006; Buée et al, 2007; Scattolin et al., 2008),
where the high 8'°N typical of deep mineral soil horizons
(Hobbie & Ouimette, 2009) therefore probably contributes to
the high 8'"°N value of Tuber.

2. Patterns within fungi

Isotopic patterns in different fungal components may provide some
insight into mechanisms creating isotopic differences among fungi.
Taylor er al. (1997) reported that protein and amino acids were .
10%, enriched in '°N relative to chitin in fungi and also suggested
that the higher '’N abundance and %N in caps relative to stipes
were related to more protein and amino acids in caps than in stipes.
This '°N enrichment probably accounts for other reported patterns
within fungi, including "N enrichment of fungal tissue in
ectomycorrhizas relative to extraradical hyphae (Hobbie &
Colpaert, 2003) and N enrichment in sporocarps relative to
extraradical hyphae (Kohzu ez al., 2000; Wallander ez al., 2004;
Bostrom et al., 2007; Table 7).

V. Biochemical basis for the influence of fungi on "°N
patterns in plant-soil systems

Kinetic isotopic effects associated with movement of ammonia or
amino groups within mycorrhizal fungi and the subsequent transfer
to host plants of ammonia or amino acids appear to deplete host

Table 6 Estimated §'°N signature (+SE) of source nitrogen (N) for different taxa, based on colonization patterns of taxa in different soil horizons and the 3'°N

values of those horizons (Lindahl et al., 2007)

Taxa Sourced"N (%)

Ectomycorrhizal

Cortinarius spp. (n = 5) -22+05 6.5
C. armeniacus 2.5 5.4
C. armeratus —0.6
Dermocybe sp. -3.7
D. semisanguinea -25 6.4
Hydnellum aurantiacum 1.6 10.6
Piloderma sp. 2.4
P. reticulatum -0.9
Rozites caperatus 1.0 6.6
Sebacina sp. -0.5
Thelephorales sp. 0.5
Phialocephala fortinii -0.6

Sporocarpd'N (%) Taxa Sourced'N (%)
Ericoid mycorrhizal
Capronia sp. —-2.1
Rhizoscyphus ericae -1.6
Saprotrophic
Galerina atkinsoniana -35
Lophodermium —4.2
L. pinastri -3.2
Marasmius androsaceus —4.6
Mycena sp. —4.0
Averages
Ectomycorrhizal -1.1+05
Ericoid mycorrhizal -1.85 +0.25
Saprotrophic -39+0.2

Data are given in Supporting Information Table S3.
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Table 7 "N and %N difference (designated ¢) in culture studies and field
studies in ectomycorrhizal fungi and plants

Tissues
compared e ("°N (%) £ (%N) References
Culture studies
Rhizomorphs —shoots ~ 3-5", 0-32 Hégberg
et al. (1999)
Sporocarps — mycelia 2.7° - Kohzu
et al. (2000)
Field studies
Sporocarps — mycelia 2.8* 2.0% Wallander
et al. (2004)
Sporocarps — mycelia 0.3,6.8 - Clemmensen
et al. (2006)
Sporocarps — mycelia 0.9,2.5° - Bostrom
et al. (2007)
Caps — stipes (+SE) 21+038 20+1.0 Taylor
et al. (1997)
Caps — stipes (ho)® 3.2 1.9 Hobbie
et al. (2012)
Caps — stipes (hi)’ 1.4 15 Hobbie
et al. (2012)
Gills — stipes® c.6 - Zeller

et al. (2007)

TAmmonium nutrition; Pinus sylvestris with Suillus bovinus.

2Nitrate nutrition.

3Culture study with Suillus variegatus and Pinus densiflora.

“Mycelia from 0to 10, 10t0 20, and 20to 30 cmin spruce and mixed species
stands.

3Sporocarps for seven ectomycorrhizal taxa averaged 6.3%,; mycelia from
in-growth bags averaged 3.8 + 0.5at5 cmand 5.4 = 1.5%,at 10 cm

(+ SE). Stand is Picea abies.

®Hydrophobic ectomycorrhizas.

“Hydrophilic ectomycorrhizas.

8Tricholoma sciodes.

plants in "N relative to fungal symbionts. This process would be
analogous to that presumably causing '°N enrichment of up to
109, in N,-fixing root nodules relative to soybean (Glycine max)
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Fig. 2 Enrichment in "°N of root nodules relative to leaves vs the transfer
efficiency of nitrogen (N) from root nodules to the rest of the plant. Data are
from studies in soybean (Glycine max) by Shearer et al. (1980) (closed
symbols) and Kohl et al. (1983) (open symbols).
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leaves (Shearer ez al., 1980; Kohl er al., 1983; Fig. 2), in which
ammonia is the transfer compound. Such processes would also
enrich mycorrhizal fungi in "N relative to saprotrophic fungi, even
if source N were similar for these two fungal types. Ammonia is a
suspected transfer compound in arbuscular mycorrhizal fungi
(Bago er al., 2001), whereas glutamine, glutamate, alanine, and
ammonia have all been invoked as potential transfer compounds in
ectomycorrhizal fungi (Smith & Smith, 1990; Chalot ez /., 20065
Dietz et al, 2011). In the hypothesized glutamine—glutamate
shuttle mechanism for N transfer between ectomycorrhizal fungi
and plants, the amido group of glutamine may be the source N
assimilated by ectomycorrhizal plants (Smith & Smith, 1990), and
is the source for N in MN-acetylglucosamine (Zalkin & Smith,
2006), the monomer of chitin. Thus, N depletion of chitin
relative to co-occurring protein parallels the "N depletion of
compounds that are subsequently transferred to host plants. The
"N depletion of chitin appears to be a general phenomenon
accompanying chitin biosynthesis, as chitin in arthropods, marine
invertebrates, or fungi is depleted in >N relative to muscle, total
biomass, or protein by 7-12%, (Schimmelman & DeNiro, 1986;
Macko ez al., 1989; Taylor er al., 1997; Webb ez al., 1998). Recent
work estimated that the "N enrichment of protein relative to chitin
averaged 159/, for hydrophobic ectomycorrhizal fungi, 109, for
saprotrophic fungi, and only 79, for hydrophilic ectomycorrhizal
fungi (Hobbie et al., 2012), with variable isotopic partitioning
within a closed system (e.g. Eqn 6) as a plausible mechanism to
create these patterns.

VI. Patterns of 3'°N in plant and fungal culture studies

To better understand how mycorrhizal fungi influence plant
8'°N, several studies have grown plants in symbiosis with
arbuscular mycorrhizal or ectomycorrhizal fungi with different
N forms and reported the resulting isotopic patterns. The few
studies with arbuscular mycorrhizal plants have been difficult to
interpret, with no clear indication that arbuscular mycorrhizal
fungi are sequestering a '’N-enriched pool or passing
"N-depleted N to host plants (Azcon-G-Aguilar ez al, 1998;
Wheeler ez al., 2000). However, fractionation on uptake cannot
be ruled out in these studies, and it is difficult to quantify N
retention by arbuscular mycorrhizal fungi. Studies with ectomy-
corrhizal plants have most commonly used Pinus sylvestris.
Relative to nonmycorrhizal plants, foliar 8'°N declined 0.5—
4.6%,, with mycorrhizal colonization, with smaller declines under
nitrate supply than under ammonium or ammonium nitrate
supply (Table 8). Many ectomycorrhizal fungi appear to assim-
ilate nitrate more slowly than ammonium (Finlay ez al, 1992;
Keller, 1996), with some transfer of unreduced nitrate to host
roots (Ek et al, 1994; Hobbie et al,, 2008). The transfer of ">N-
depleted N from fungi to plants coupled with N retention by
fungi leads to "’N-depleted plants and '°N-enriched fungi. The
>N patterns can therefore provide insight into N partitioning
between mycorrhizal fungi and host plants, and also appear to
correlate highly with fungal biomass (Fig. 3).

Only two isotopic studies have cultured mycorrhizal plants with
organic N forms. In ectomycorrhizal Betula nana and ericoid
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Table 8 "N depletion in foliage of mycorrhizal pine vs nonmycorrhizal pine,
15 15 . .
calculated as & Nnonmycorrhizal -8 Nmycorrhizal In per mil (%0)

Nitrogen form

Species/symbiont NH,NO;  NHjF NO3 References
Pinus halepensis’ - 2.0 - Bardin
et al. (1977)
Pinus densiflora® - 1.7-46 - Kohzu
et al. (2000)
Pinus sylvestris
Suillus luteus 05%28" - - Hobbie &
Colpaert
(2003)
Thelephora terrestris 093, 19% — - Hobbie &
Colpaert
(2003)
Suillus bovinus - 35°%1.7% 057 1.3* Hobbie
et al. (2008)
Laccaria laccata - 2.3%,3.0" 2.23,1.4* Hobbie

et al. (2008)

"Unknown ectomycorrhizal symbionts.
2Symbiont, Suillus variegatus.

3Low nitrogen (N) supply rate.

“High N supply rate.

o - N

8"°N needles (%o)

|
N

0 5 10 15 20 25 30 35

-2 L

Mycelial biomass (mg per pot)

Fig. 3 Fungal biomass correlates strongly with foliar 3'N in mycorrhizal pine
(* = 0.88; P < 0.001). Nitrogen (N) as ammonium nitrate was supplied
exponentially at rates of 3% d ™" (low N; open symbols) or 5% d~" (high N;
closed symbols) to Pinus sylvestris cultured with either Thelephora terrestris
(squares) or Suillus luteus (triangles). Nitrogen was the limiting nutrient in
both treatments. Data are from Hobbie & Colpaert (2003).

mycorrhizal Vaccinium vitis-idaea, only a small proportion of
supplied glutamic acid and glycine was assimilated, with "N
fractionation on uptake of atleast 59, for glutamine, glutamicacid,
and glycine (Emmerton ¢t al., 2001a). Similarly, in ectomycor-
thizal Eucalyptus supplied with glutamine, glutathione, or bovine
serine albumin (BSA), < 30% of supplied N was assimilated
(estimated graphically; Schmidt e# al, 2006). Fractionation for
BSA appeared negligible, whereas Eucalyptus was actually enriched
in "N relative to the supplied glutathione. To assess whether
internal "N redistributions in the plant—mycorrhizal system differ,

© 2012 The Authors
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further culture studies with organic N compounds are needed
where fungal N retention is quantified and where all supplied N is
assimilated.

VIl. Mycoheterotrophic and parasitic plants

Mycoheterotrophic plants lack chlorophyll and depend on
specific mycorrhizal fungi for supplies of C and N (Leake,
1994). Many of the 400 species are orchids, but some are
monotropoid and pyroloid plants (Gebauer & Meyer, 2003;
Zimmer ez al., 2007). Fully mycoheterotrophic plants were c.
12%, higher in "N than autotrophic reference plants (Zimmer
et al., 2007), and mycoheterotrophic plants were ¢. 3-49/, higher
in PN than their associated ectomycorrhizal fungi (Trudell ez af.,
2003). Based on consistent '’N enrichment in protein and amino
acids relative to chitin in other studies, Trudell ez 2/ (2003)
suggested that the high 8'°N of mycoheterotrophic plants relative
to possible fungal symbionts reflected preferential incorporation
of protein-derived N vs chitin-derived N. Mycoheterotrophic
plants may acquire N by digestion of fungal structures (Smith &
Read, 2008), which presumably differs sufficiently from the
controlled exchange between mycorrhizal fungi and autotrophic
plants for different isotopic patterns to arise. An isotopic mass
balance between the 3 and 4%, enrichment in '°N together with a
>N enrichment of protein relative to chitin of perhaps 10%,
suggests that fungal N is 30-40% chitin. More recently, SN
patterns in mycoheterotrophic plants associated with either
arbuscular mycorrhizal fungi or saprotrophic fungi have been
investigated, with mycoheterotrophic plants associated with
arbuscular mycorrhizal fungi similar in 8'°N to their fungal
hosts (Merckx ez al., 2010), whereas mycoheterotrophic plants
associated with saprotrophic fungi were ¢. 3%, depleted in "N
relative to their fungal hosts (Martos ez al., 2009; Ogura-Tsujita
et al., 2009).

Partial mycoheterotrophy in photosynthetic orchids and
pyroloid plants has also been investigated (Gebauer & Meyer,
2003; Hynson er al, 2009). The degree of dependence on
heterotrophy for N and C acquisition in partial mycohetero-
trophs can be estimated using an isotopic mixing-model analysis
with co-existing autotrophs and full mycoheterotrophs as
isotopic endmembers. Variation in the '°N and §'°C among
autotrophs, mycoheterotrophs, and partial mycoheterotrophs
may accordingly reveal information not only about the sources
of N and C, but about the C cost for N uptake in partial
mycoheterotrophs.

Parasitic plants that tap into the xylem or phloem of other plants
for their N supply provide an interesting isotopic contrast to
mycoheterotrophic plants. Autotrophic plant hosts lack the '*N-
depleted chitin that can strongly influence internal partitioning of
>N in fungi and, as a consequence, parasitic plants appear similar
in 8"°N to their plant hosts (within 1%). Such isotopic measure-
ments were used to determine that Santalum acuminatum primarily
obtained N from co-occurring N,-fixing legumes in Australian
heathlands (Tennakoon et al, 1997) and to determine that
Geocaulon lividum tapped into the canopy dominants in boreal

Alaska (Hobbie et al., 2009).
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VIIl. Patterns of foliar 5"°N in autotrophic plants

1. Global patterns of foliar 8"°N in non-N,-fixing autotrophic
plants

Researchers have published several compilations of data on foliar
8'°N across biomes since 1997. In one survey, foliage from tropical
forests averaged 6.5%,, higher than foliage from temperate forests,
and tropical soils averaged 89, higher than temperate soils
(Martinelli ez al., 1999). The authors attributed this to a greater
availability of N in the tropical systems (which are often limited by
phosphorus rather than by N), and hence, larger losses of N through
processes that discriminate against '>N. The latter suggestion has
been supported by modeling of denitrification in montane tropical
rainforests (Houlton ez al, 2006). Across a wide range of
ecosystems, site-averaged foliar 8'°N was negatively correlated
with mean annual precipitation, with ecosystems distant from the
equator and with high rainfall having particularly low site-averaged
foliar 8N (Handley ez al., 1999). The available evidence suggests
that plant 3"°N broadly reflects soil 3'°N, so low §'°N values
should reflect the low importance of loss mechanisms of '°N-
depleted N, N,O, and nitrate from soil.

The most complete compilation of data on foliar N isotopes
(including 11 000 plants world-wide) was reported by Craine ez al.
(2009). For non-N,-fixing plants, foliar 8"°N decreased as
precipitation increased (for mean annual temperature > —0.5°
C). Importantly, the type of mycorrhiza formed by plants
influenced 8'°N, with foliar 8'°N decreasing in the order
nonmycorrhizal (mean + SE, 0.9 + 0.29,,) > arbuscular mycor-
rhizal (—1.1 £ 0.19),) > ectomycorrhizal (—2.3 £ 0.2%,) > eri-
coid mycorrhizal plants (—5.0 + 0.29,,). These values were
normalized to a standard value for temperature (13.2°C), precip-
itation (751 mm yr_l), and N concentration (1.58%). In the
database regression of foliar 8'°N, 56% of variance could be
explained. Of that variance, precipitation explained 14%), temper-
ature and derived variables an additional 14%, mycorrhizal
association 29%, and foliar N concentration 44%. Overall,
nonmycorrhizal plants were enriched in "N relative to all
mycorrhizal types, suggesting either that the source N for
nonmycorrhizal plants was enriched in "N relative to source N
for mycorrhizal plants, or that fractionation during creation of
transfer compounds by mycorrhizal fungi resulted in mycorrhizal
plants receiving a '’N-depleted N pool. The importance of foliar N
concentration as an explanatory variable might reflect a dichotomy
between N dynamics in systems with plants of deciduous vs
evergreen foliage, but could also reflect correlations among N
availability, foliar N concentrations, belowground allocation,
relative C allocation to mycorrhizal fungi, and retention of '°N-
enriched N belowground (Agren & Bosatta, 1996; Hobbie, 20006).

These global patterns overestimate isotopic differences among
plants of different mycorrhizal type when they co-occur. This is
particularly apparent when comparing ericoid mycorrhizal plants
against ectomycorrhizal and arbuscular mycorrhizal plants, where
site-specific differences are 29, less than overall average differences,
as shown in Table 9. This pattern presumably arises because N
dynamics causing high 8'°N in ectomycorrhizal and arbuscular
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Table 9 Plant 3'°N of differing mycorrhizal types were compared at sites
where they co-occur (with paired ¢-tests)

Mycorrhizal Site-averaged "°N Overall "°N
types compared difference (%,) P n difference (%,)
AM — ECM 0.7 0215 18 1.2

AM — ERM 1.8 0.002 14 3.9

Non - AM 2.3 0.001 21 2.0

ECM — ERM 0.7 0.140 10 2.7

Non — ECM 3.9 0.005 9 32

Non — ERM 4.6 0.002 7 5.9

Data are from the Craine et al. (2009) database. The number of sites where
the specified mycorrhizal types co-occur is given by n. Climate-adjusted
overall 5'°N averages as reported in Craine et al. (2009) are also given. AM,
arbuscular mycorrhizal; ECM, ectomycorrhizal; ERM, ericoid mycorrhizal;
Non, nonmycorrhizal.

mycorrhizal plants (generally, high rates of N cycling) tend to
exclude ericoid mycorrhizal plants.

2. Site-specific foliar "°N patterns and the influence of N
availability

Many site-specific studies have reported that ectomycorrhizal and
ericoid mycorrhizal plants in Arctic, alpine or boreal regions were
significantly depleted in '°N relative to co-occurring arbuscular
mycorrhizal plants (Schulze er al., 1994; Michelsen ez al., 1996,
1998; Hobbie er /., 2005). The very high biomass of ectomycor-
thizal fungi that may accompany the N-limited conditions
prevalent in these regions could potentially sequester sufficient
""N-enriched N to deplete in '°N the remaining pool of N available
for plant transfer. Alternatively, the extensive enzymatic capabilities
of ericoid mycorrhizal and ectomycorrhizal fungi may allow their
host plants to access fresh, litter-derived N, whereas arbuscular
mycorrhizal fungi (and plants) must rely on deeper N that has been
enriched in "N during microbial processing. Comparing tracer
>N labeling studies to natural abundance §"°N patterns to
distinguish among N sources from different depths could assess
these two competing hypotheses.

Numerous studies have linked changes in foliar §'°N across sites
or across time to changes in N availability. Declines over time in
foliar 8'°N and %N in herbarium specimens have been attributed
to increasing N limitation caused by the ¢. 100 ppm rise in
atmospheric CO, over the last 150 yr (Pefiuelas & Estiarte, 1997;
McLauchlan ez a/.,2010). Declines (averaging 1%, in 27 species) in
foliar 8"°N in free-air CO, enrichment (FACE) studies were
attributed by the authors to either interactions with mycorrhizal
fungi or increased assimilation of nitrate in roots (Bassirirad ez /.,
2003). In a Pinus strobus chronosequence in northeastern North
America, Compton er al. (2007) used an N isotope mass balance
approach to conclude that N cycling became tighter during 100 yr
of stand development, during which foliar 8'°N declined. Declines
of 1%, in 8"°N of tree rings and lake sediments also indicated
decreased N availability over the last 75 yr of forest development in
the northeastern USA (McLauchlan ez al., 2007). Such analyses
should be restricted to heartwood, as comparing data from old
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heartwood vs young sapwood could be easily confounded by
differences in metabolic activity.

Long-term records avoid some of the issues with interpreting
retrospective analyses such as tree rings or sediment cores. In a study
ofa boreal pine forest, the §'°N of needles collected over a period of
35 yr fell by ¢. 39, in the control plots (Hégberg et al., 2011); in
heavily N-fertilized plots the 8"°N of needles increased, but
declined after the treatment ended. Strong correlations among the
8"°N of needles, DNA sequences of ectomycorrhizal fungi and a
phospholipid fatty acid biomarker attributed to ectomycorrhizal
fungi confirmed the role of ectomycorrhizal fungi in determining
the 8"°N of the plants. In Hietz er al. (2011), increased 8"°N in
trees in tropical forests in Panama (leaves) and Thailand (wood)
over a 40- to 80-yr period was attributed to anthropogenic N
deposition increasing N losses from these ecosystems. After a
ploughed agricultural field was planted with ectomycorrhizal pine
trees in South Carolina, a 159, difference developed over 40 yr
between the upper organic layer, which derives from recent
aboveground plant litter, and the mineral soil at 35-60 cm depth
(Billings & Richter, 2006). The >N enrichment at depth was
attributed to accumulation of '"N-enriched N derived from
microbes, including ectomycorrhizal fungi.

3. Using plant 8"°N to estimate carbon flux to mycorrhizal
fungi

Because N and C cycling are closely coupled, it is possible to use
stoichiometric relationships to mathematically link them. Such
stoichiometry is particularly important in mycorrhizal fungi, where
the potential N gain from exploring soil must be balanced against
both the C cost and the N cost (for chitin and protein) of building
the necessary tissues to extend into previously unexploited regions.
Under some conditions, plant 8"°N values in mycorrhizal systems
may reflect the balance of N between the plant and fungal
components of the system (Fig. 1 and Eqns 4 and 5), with the
mycorrhizal transfer ratio 7; (the proportion of N taken up by fungi
that is subsequently transferred to plant hosts) as the controlling
variable. In ectomycorrhizal culture, C allocation to fungi corre-
lates strongly and negatively with plant 8'°N values (Fig. 3). This
C allocation can be mathematically expressed as a function of 73,
the plant N supply from mycorrhizal fungi (N,,), the C/N of fungal
biomass, and the efficiency (¢) with which plant-supplied C is
turned into fungal biomass (Hobbie & Hobbie, 2008).
Chungal = (1/T, — 1) x Ny x C/N x ¢ Eqn 10

The mycorrhizal transfer ratio reflects the C cost to acquire N by
mycorrhizal fungi, and is accordingly the key variable determining
both Cgngat and plant 8"°N. This is illustrated in Fig. 4, which
expresses the relationship between 7}, plant 8'°N, and the plant C
cost to acquire a unit of mycorrhizally derived N (Cgygat/Np). The
C cost of N acquisition increases as 7, declines, such as under
conditions of low N availability in many ectomycorrhizal forests.
Hobbie & Hobbie (2006) used equations similar to Eqn 10 and
system N isotope patterns to estimate that 8-17% of plant
productivity was allocated to mycorrhizal symbionts in a tundra
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Fig. 4 Carbon (C) cost for nitrogen (N) supply from mycorrhizal fungi to
plants (Crunga/Np) increases as the mycorrhizal transfer ratio (7,) for N
decreases, according to Eqn 10. Fungal C : N is set to 10 and microbial
efficiency (e) is set to 0.5. T, is the proportion of N taken up by fungi that is
transferred to host plants. All plant N is assumed to be supplied by
mycorrhizal fungi. Variation in plant 5'°N as a function of T, is also shown,
with "°N fractionation during creation of N transfer compounds by
mycorrhizal fungi (A¢) set at 10%,,.

shrub ecosystem. Related equations were used to estimate the

fraction of plant N supplied by mycorrhizal fungi.

IX. Controls over plant §'°N

Numerous explanations have been invoked to explain N isotope
patterns in plants. One difficulty is that several processes can
plausibly account for a given set of isotopic patterns, and it is
tempting to explain a specific isotopic pattern by claiming that an
unmeasured process is the likely control. Here, we discuss some of
the most plausible explanations for patterns of plant 3'°N.

1. Rooting depth

Because soils commonly increase in 8'°N with depth, differences in
8'°N are sometimes attributed to differences in rooting depth
across species or, less commonly, within a species and across sites.
For example, Kohzu er al. (2003) correlated rooting depth in
different species of mire plants against foliar 3'°N, and Hobbie
er al. (2009) attributed very low 8N in Picea marianain Alaska to
its association with permafrost, which would restrict foraging to the
uppermost litter and soil layers. Unfortunately, little information
exists on rooting distributions with depth for most species. An
additional difficulty is that rooting distributions are unlikely to
correspond closely with uptake depths (as shown for N and other
elements by Géransson et al, 2006, 2008), particularly for
elements like N whose concentration often declines swiftly with

depth.

2. Source differences

Uptake of different forms of N could affect plant 3'°N. Ammo-
nium and nitrate are the N forms commonly measured, although a
few studies have measured forms of organic N, such as dissolved

organic N (Takebayashi er 4/, 2010), hydrolyzed amino acids
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(Bol er al., 2004) or amino sugars (Yano et al., 2009). Because
nitrification and denitrification both discriminate against >N, the
relative importance of these two processes controls whether nitrate
is higher or lower in 8'°N than ammonium.

Several studies have compared plant SN against measures of
nitrate vs ammonium use. In Swedish oak woodlands (Falkengren-
Grerup et al., 2004) and in alpine tundra (Miller & Bowman,
2002), greater relative nitrate uptake correlated negatively
with  foliar 8N in suggesting
" N itrae < 0" Nummonium» Whereas German temperate grass-
lands had the reverse pattern, leading Kahmen ez a/. (2008) to
conclude that 8N ;e > 8N, monium- Denitrification is pre-
sumably higher where N icrace = 0 Nummonium:

The influence of mycorrhizal fungi on the sources of N
available to plants and on the isotopic signature of the N derived
from those sources that are ultimately transferred to plants makes

herbaceous  plants,

estimating the importance of ammonium, nitrate, and organic N
as sources very difficult. At sufficiently high concentrations,
fractionation against >N on uptake is an additional factor that is
difficult to quantify under field conditions. One possible solution
to assess the 8'°N of plant-available N is to use buried cellulose
filters as integrators of microbially available N (Hendricks ez 4/,
1997). The cellulose serves as a relatively labile C source for
colonizing microbes, which then assimilate available N from the
soil. In a "°N labeling study, this approach correlated better with
plant 3"°N than using either inorganic N extracted from resin
bags or buried bag incubations (Hendricks er al., 2004). Solid
samples like cellulose filters are also easier to process than aqueous
ions such as ammonium and nitrate, and an integrated signal of
available N (including organic N) is assessed, rather than only
inorganic N.

3. Fractionation on uptake

Substantial fractionation against '°N on uptake and assimilation is
possible if N concentrations are high relative to uptake rates
(Handley & Raven, 1992; Fogel & Cifuentes, 1993; Emmerton
et al.,2001b). This can be an issue in culture studies, where applied
N concentrations are generally higher than in field situations.
Therefore, unless N supply is carefully matched to uptake rates,
"N patterns in culture have uncertain relevance to field situations,
where N supply rates appear generally low. Fractionation on uptake
depends on the medium, with diffusion rates and fractionation
higher in liquid culture than in agar culture (reviewed in Hobbie &
Hobbie, 2008), and also depends on the form of N (generally,
diffusion of nitrate > ammonium > organic N).

Fractionation on uptake is generally discounted as a controlling
factor for plant 8'°N in field studies, under the assumption that N
concentrations at the site of uptake are too low for fractionation to
be expressed. However, phosphorus limitation may encourage
fractionation against 15N on assimilation (Hogberg et al., 1999), as
seen in mangroves (McKee ez al., 2002) and bogs (Clarkson ez al.,
2005). Sites with high water tables may also facilitate fractionation
on uptake (Kohzu ez al., 2003). Field conditions that encourage
fractionation against 5N during uptake (such as higher inorganic
N concentrations) also favor losses of 15N—depleted N through
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ammonia volatilization, nitrate leaching or denitrification, thereby
increasing the 3'°N of the remaining N.

4. Mycorrhizal fungi

Mycorrhizal fungi can influence plant 8'"°N in several ways. By
increasing plant access to recalcitrant and slowly diffusible forms of
N, they may alter the average 8'°N of the available N sources. This
could include ""N-depleted sources in surficial litcter and '°N-
enriched sources at greater depths. Their increased surface area and
uptake capacities at low external concentrations may also decrease
the extent of fractionation on uptake. Finally, as previously
discussed, biochemical reactions within fungi may partition N into
""N-enriched and '°N-depleted pools, with plants apparently
receiving N primarily from the latter pool.

X. Conclusions and research needs

From the analyses presented in this review, we propose that
interactions among plants, mycorrhizal fungi, and soil drive many
ecosystem 8'°N patterns, with the type of mycorrhizal association
correlating strongly with values in bulk soil, soil profiles, and
foliage. By contrast, climatic factors explained little of the observed
variance once mycorrhizal associations were accounted for.
Although including mycorrhizal fungi in large-scale databases of
soil 8"°N increased the fraction of variance explained, overall
ability to predict bulk soil 3'"°N from climate and mycorrhizal
association remained rather poor, indicating that large-scale
patterns presumably reflect factors not captured in current
statistical models. For foliar 8'°N, the large fraction of variance
explained by N concentrations should be investigated further.
High N availability can increase foliar %N while increasing losses
of ""’N-depleted N and raising the ' °N of available N. In addition,
high N availability could diminish sequestration of '’N-enriched
N in fungal biomass and accordingly diminish the >N fraction-
ation mediated by mycorrhizal fungi between available N and
plants.

Colonization by ectomycorrhizal and ericoid mycorrhizal fungi
increases plant access to N forms that are poorly available to
nonmycorrhizal plants. This N may be '’N-depleted (e.g. litter N)
or N-enriched (e.g. mineral horizons) relative to that available to
nonmycorrhizal plants, but determining the relative contribution
from different soil N pools to plant N budgets is not yet generally
possible from natural abundance measurements. Low 8'°N in
ericoid mycorrhizal plants relative to co-occurring ectomycorrhizal
and arbuscular mycorrhizal plants probably arises from ericoid
mycorrhizal fungi mainly acquiring N from '°N-depleted litter
layers. Consequently, N acquired by ericoid mycorrhizal fungi and
plants may be of shallower and more recent origin than N acquired
by other plant types.

N fractionation during creation of transfer compounds by
mycorrhizal fungi leads to retention of °N-enriched N and transfer
of "’N-depleted N to the plant symbiont. This '°N fractionation
probably occurs in all autotrophic mycorrhizal plants and makes it
difficult to directly link plant 8'°N to soil N sources. Transfer
compounds may be ammonia or amino acids; "’N fractionation
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during amino acid synthesis, ammonia formation from urea, or
aminotransferase reactions such as formation of N-acetylglucos-
amine are possible. Ectomycorrhizal fungi vary widely in their
enzymatic capabilities; fungal 8'°N corresponds to the N source
(e.g. o1 Ninorganic < SISNorganic, usually), the depth of N acquisi-
tion (8" Nypaliow < SISNdeep), and the mycorrhizal transfer ratio,
although more work is needed on these factors. Sporocarp §'°N
probably reflects closed-system rather than open-system isotopic
fractionation. Partitioning of N between '’N-enriched fungal
protein and "’N-depleted fungal chitin appears to be another key
control over plant, fungal, and soil 3'°N patterns.

Ecosystem-scale modeling of '°N distributions over time at
natural abundance using well-characterized systems (Hobbie ez 4.,
1999; Billings & Richter, 2006) can help to constrain the range of
possible scenarios that fit the available data. As one example, the
Non-Equilibrium Stable Isotope Simulator (NESIS) model can be
used to take output from an element-based model and then predict
isotopic signatures for the pools and fluxes in that model (Rastetter
et al., 2005).

In another approach, "N labeling can be followed for multiple
years to further constrain the range of possible solutions (Currie &
Nadelhoffer, 1999). This approach was used to determine that N
from mineral soil was an important N source for trees (Currie ez al.,
2004). When combined with natural abundance 8"°N data, °N
labeling could further help to distinguish between competing
hypotheses. A further approach is to combine isotopes on multiple
elements. For example, "°N, '"®0 and 7O can be measured on
nitrate or nitrous oxide to understand the sources and cycling of
these important N forms (Pérez et al., 2000; Costa et al., 2011), or
parallel measurements on '*C and '°N in soil profiles can be used to
trace the coupled cycling of C and N during soil profile
development. For example, losses of '*C-depleted methane or
'"N-depleted nitrous oxide as major fluxes will disproportionately
increase the 8'°C or §'°N values at specific soil depths favoring
those two different processes. Further culture studies on ectomy-
corrhizal plants other than Pinus are needed, particularly of
angiosperms, given the potential differences between angiosperms
and gymnosperms in reliance on mycorrhizal fungi (Comas &
Eissenstat, 2004). Culture studies on arbuscular mycorrhizal plants
in which fractionation during mycorrhizal transfer of N from fungi
to plants can be assessed are also desirable. Given the probable
importance of organic forms of N to plant-available N
(Inselsbacher & Nisholm, 2012), both culture studies and field
studies should focus on exploring how organic N use in plants and
mycorrhizal fungi influences isotopic patterns.

Acknowledgements
We thank Joseph Craine, John Hobbie, Andrew Ouimette, Colin

Averill, and three anonymous reviewers for comments on previous
versions. This work was supported by a grant from the US NSF
Division of Environmental Biology to E.H., by a Bullard
Fellowship to E.H. from Harvard University, and by grants from
the Swedish Science Council to P.H. We thank Ronald Amundson,
Joseph Craine, and Jordan Mayor for facilitating access to their
respective databases.

© 2012 The Authors
New Phytologist © 2012 New Phytologist Trust

Tansley review

References

Adams MA, Grierson PF. 2001. Stable isotopes at natural abundance in terrestrial
plant ecology and ecophysiology: an update. Plant Biology 3: 299-310.

Agerer R. 2006. Fungal relationships and structural identity of their
ectomycorrhizae. Mycological Progress 5: 67—-107.

Agerer R, Christan J, Mayr C, Hobbie EA. 2012. Isotopic signatures and trophic
status of Ramaria. Mycological Progress 11: 47-59.

;\gren G, Bosatta E. 1996. Theoretical ecosystem ecology. Cambridge University Press,
Cambridge, UK.

Amundson R, Austin AT, Schuur EAG, Yoo K, Matzek V, Kendall C, Uebersax A,
Brenner D, Baisden WT. 2003. Global patterns of the isotopic composition of
soil and plant nitrogen. Global Biogeochemical Cycles 17: 1031.

Azcdn-G-Aguilar R, Handley LL, Scrimgeour CM. 1998. The 8'°N of lettuce and
barley are affected by AM status and external concentration of N. New Phytologist
138: 19-26.

Bago B, Shachar-Hill Y, Pfeffer PE. 2001. Could the urea cycle be translocating
nitrogen in arbuscular mycorrhizal fungi? New Phytologist 149: 4-8.

Baier R, IngenhaagJ, Blaschke H, Géttlein A, Agerer R. 2006. Vertical distribution
of an ectomycorrhizal community in upper soil horizons of a young Norway
spruce (Picea abies [L.] Karst.) stand of the Bavarian Limestone Alps. Mycorrhiza
16: 197-2006.

Bardin R, Domenach A-M, Chalamet A. 1977. Rapport isotopiques naturel de
lazote. II. Variations d’abondance du 15N dans les échantillons de sols et plants;
applications. Revue d’Fcologie et de Biologie du Sol 14: 395—402.

Bassirirad H, Constable JVH, Lussenhop J, Kimball BA, Norby RJ, Oechel WC,
Reich PB, Schlesinger WH, Zitzer S, Sehtiya HL ez al.2003. Widespread foliage
8"°N depletion under elevated CO,: inferences for the nitrogen cycle. Global
Change Biology 9: 1582-1590.

Bigeleisen J. 1965. Chemistry of isotopes. Science 147: 463—471.

Billings SA, Richter DD. 2006. Changes in stable isotopic signatures of soil nitrogen
and carbon during 40 years of forest development. Oecologia 148: 325-333.

Bol R, Ostle NJ, Chenu CC, Petzke KJ, Werner RA, Balesdent J. 2004. Long term
changes in the distribution and 3'°N values of individual soil amino acids in the
absence of plantand fertiliser inputs. fsozopes in Environmental and Health Studies
40: 243-256.

Bostrom B, Comstedt D, Ekblad A. 2007. Isotope fractionation and BC
enrichment in soil profiles during the decomposition of soil organic matter.
Oecologia 153: 89-98.

Brenner DL, Amundson R, Baisden WT, Kendall C, Harden J. 2001. Soil nitrogen
and "N variation with time in a California annual grassland ecosystem.
Geochimica et Cosmochimica Acta 65: 4171-4186.

Buée M, Courty PE, Mignot D, Garbaye J. 2007. Soil niche effect on species
diversity and catabolic activities in an ectomycorrhizal fungal community. Soi/
Biology and Biochemistry 39: 1947-1955.

Chalot M, Blaudez D, Brun A. 2006. Ammonia: a candidate for nitrogen transfer at
the mycorrhizal interface. Trends in Plant Science 11: 263-266.

Choi W, Chang S, Allen H, Kelting D, Ro H. 2005. Irrigation and fertilization
effects on foliar and soil carbon and nitrogen isotope ratios in a loblolly pine stand.
Forest Ecology and Management213: 90-101.

Clarkson BR, Schipper LA, Moyersoen B, Silvester WB. 2005. Foliar >N natural
abundance indicates phosphorus limitation of bog species. Oecologia 144:
550-557.

Clemmensen KE, Michelsen A, Jonasson S, Shaver GR. 2006. Increased
ectomycorrhizal fungal abundance after long-term fertilization and warming of
two arctic tundra ecosystems. New Phytologist 171: 391-404.

Comas LH, Eissenstat DM. 2004. Linking fine root traits to maximum potential
growth rates among 11 mature temperate tree species. Functional Ecology 18:
388-397.

Compton JE, Hooker TD, Perakis SS. 2007. Ecosystem nitrogen distribution and
8'°N during a century of forest regrowth after agricultural abandonment.
Ecosystems 10: 1197-1208.

Corre MD, Veldkamp E, Arnold J, Wright SJ. 2010. Impact of elevated nitrogen
input on soil nitrogen cycling and losses in old-growth lowland and montane
forests in Panama. Ecology91: 1715-1729.

Costa AW, Michalski G, Schauer AJ, Alexander B, Steig EJ, Shepson PB.

2011. Analysis of atmospheric inputs of nitrate to a temperate forest

New Phytologist (2012) 196: 367-382
www.newphytologist.com

Review 379

IBGQHZ

85U801 7 SUOWILLIOD SAIERID 3]qeoljdde ay) Aq peusenob ale S9pIe VO ‘85N JO S3|NJ o AReiqiT 8UlUO AB[IM UO (SUONIPUCD-PUR-SLLIBI WD A3 1M A eIq 1 jBU UO//StY) SUONIPUOD pue swie | a4} 885 *[520z/S0/08] Uo Ariqi auliuo A8 (1M ‘Builupeied susTeIS AQ X'00Er0'2T0Z ZET8-69¥T [TTTT 0T/I0p/wW00 A8 1M Aeiq1jpuluoyduy//sdny woj pepeojumod ‘Z ‘2



380 Review

Tansley review

ecosystem from A'7O isotope ratio measurements. Geophysical Research
Letters 38: L15805.

Craine JM, Elmore AJ, Aidar MPM, Bustamante M, Dawson TE, Hobbie EA,
Kahmen A, Mack MC, McLauchlan KK, Michelsen A ez al. 2009. Global
patterns of foliar nitrogen isotopes and their relationships with climate,
mycorrhizal fungi, foliar nutrient concentrations, and nitrogen availability.
New Phytologist 183: 980-992.

Currie W, Nadelhoffer K, Aber J. 2004. Redistributions of "N highlight turnover
and replenishment of mineral soil organic nitrogen as a long-term control on
forest C balance. Forest Ecology and Management 196: 109-127.

Currie WS, Nadelhoffer KJ. 1999. Dynamic redistribution of isotopically labeled
cohorts of nitrogen inputs in two temperate forests. Ecosystems 2: 4-18.

Dietz S, von Biilow J, Beitz E, Nehls U. 2011. The aquaporin gene family of the
ectomycorrhizal fungus Laccaria bicolor. lessons for symbiotic functions. New
Phyrologist 190: 927-940.

EkH, Andersson S, Arnebrant K, Soderstrom B. 1994. Growth and assimilation of
NH; and Noj by Paxillus involutusin association with Betula pendulaand Picea
abies as affected by substrate pH. New Phytologist 128: 629—-637.

Emmerton KS, Callaghan TV, Jones HE, Leake JR, Michelsen A, Read DJ. 2001a.
Assimilation and isotopic fractionation of nitrogen by mycorrhizal and
nonmycorrhizal subarctic plants. New Phytologist151: 513-524.

Emmerton KS, Callaghan TV, Jones HE, Leake JR, Michelsen A, Read DJ. 2001b.
Assimilation and isotopic fractionation of nitrogen by mycorrhizal fungi. New
Phyrologist 151: 503-511.

Evans RD. 2001. Physiological mechanisms influencing plant nitrogen isotope
composition. 7rends in Plant Science 6: 121-126.

Falkengren-Grerup U, Michelsen A, Olsson M, Quarmby C, Sleep D. 2004. Plant
nitrate use in deciduous woodland: the relationship between leaf N, nitrogen
natural abundance of forbs and soil nitrogen mineralisation. Soz/ Biology and
Biochemistry 36: 1885-1891.

Farquhar GD, Oleary MH, Berry JA. 1982. On the relationship between carbon
isotope discrimination and the inter-cellular carbon dioxide concentration in
leaves. Australian Journal of Plant Physiology 9: 121-137.

Finlay RD, Frostegard A, Sonnerfeldt AM. 1992. Utilization of organic and
inorganic nitrogen sources by ectomycorrhizal fungi in pure culture and in
symbiosis with Pinus contorta Dougl. Ex Loud. New Phytologist 120: 105-115.

Finzi AC, Norby R], Calfapietra C, Gallet-Budynek A, Gielen B, Holmes WE,
Hoosbeek MR, Iversen CM, Jackson RB, Kubiske ME ez al. 2007. Increases in
nitrogen uptake rather than nitrogen-use efficiency support higher rates of
temperate forest productivity under elevated CO,. Proceedings of the National
Academy of Sciences, USA 104: 14014-14019.

Fogel ML, Cifuentes LA. 1993. Isotope fractionation during primary production.
In: Engel MH, Macko SA, eds. Organic geochemistry. New York, NY, USA:
Plenum Press, 73-98.

Gebauer G, Meyer M. 2003. >N and "®C natural abundance of autotrophic and
mycoheterotrophic orchids provides insight into nitrogen and carbon gain from
fungal association. New Phytologist 160: 209-223.

Géransson H, Ingerslev M, Wallander H. 2008. The vertical distribution of
nitrogen and K uptake in relation to root distribution and root uptake capacity in
mature Quercus robur, Fagus sylvatica and Picea abies stands. Plant and Soil 306:
129-137.

Géransson H, Wallander H, Ingerslev M, Rosengren U. 2006. Estimating the
relative nutrient uptake from different soil depths in Quercus robur, Fagus sylvatica
and Picea abies. Plant and Soil 286: 87-97.

Handley LL, Austin AT, Robinson D, Scrimgeour CM, Raven JA, Heaton THE,
Schmidt S, Stewart GR. 1999. The "°N natural abundance (8'°N) of ecosystem
samples reflects measures of water availability. Australian Journal of Plant
Physiology 26: 185-199.

Handley LL, Raven JA. 1992. The use of natural abundance of nitrogen isotopes in
plant physiology and ecology. Plant, Cell & Environment 15: 965-985.

Hayes JM. 2001. Fractionation of carbon and hydrogen isotopes in biosynthetic
processes. Reviews in Mineralogy and Geochemistry 43: 225-277.

He X, Xu M, Qui GY, Zhou J. 2009. Use of "°N stable isotope to quantify nitrogen
transfer between mycorrhizal plants. Journal of Plant Ecology 2: 107-118.

Hendricks JJ, Mitchell R], Green KM, Crocker TL, Yarbrough JG. 2004. Assessing
the nitrogen-15 concentration of plant-available soil nitrogen. Communications in
Soil Science and Plant Analysis 35: 1207-1217.

New Phytologist (2012) 196: 367-382
www.newphytologist.com

New
Phytologist

Hendricks JJ, Nadelhoffer KJ, Aber JD. 1997. A 1N tracer technique for assessing
fine root production and mortality. Oecologia 112: 300-304.

Hietz P, Turner BL, Wanek W, Richter A, Nock CA, Wright SJ. 2011.
Long-term change in the nitrogen cycle of tropical forests. Science 334: 664—
666.

Hobbie EA. 2005. Using isotopic tracers to follow carbon and nitrogen cycling of
fungi. In: Dighton , J , Oudemans P, White , J , eds. 7he fingal community: its
organization and role in the ecosystem. New York, NY, USA: Marcel Dekker, 361—
381.

Hobbie EA. 2006. Carbon allocation to ectomycorrhizal fungi correlates with
belowground allocation in culture studies. Ecology 87: 563—-569.

Hobbie EA, Agerer R. 2010. Nitrogen isotopes in ectomycorrhizal
sporocarps correspond to belowground exploration types. Plant and Soil
327: 71-83.

Hobbie EA, Colpaert JV. 2003. Nitrogen availability and colonization by
mycorrhizal fungi correlate with nitrogen isotope patterns in plants. New
Phytologist 157: 115-126.

Hobbie EA, Colpaert JV, White MW, Ouimette AP, Macko SA. 2008. Nitrogen
form, availability, and mycorrhizal colonization affect biomass and nitrogen
isotope patterns in Pinus sylvestris. Plant and Soil310: 121-136.

Hobbie EA, Hobbie JE. 2008. Natural abundance of >Nin nitrogen-limited forests
and tundra can estimate nitrogen cycling through mycorrhizal fungi: a review.
Ecosystems 11: 815-830.

Hobbie EA, Jumpponen A, Trappe J. 2005. Foliar and fungal >N:"*N ratios reflect
development of mycorrhizae and nitrogen supply during primary succession:
testing analytical models. Oecologia 146: 258-268.

Hobbie EA, Macko SA, Shugart HH. 1999. Interpretation of nitrogen isotope
signatures using the NIFTE model. Oecologia 120: 405—415.

Hobbie EA, Macko SA, Williams M. 2000. Correlations between foliar 8'°N and
nitrogen concentrations may indicate plant—mycorrhizal interactions. Oecologia
122:273-283.

Hobbie EA, Ouimette AP. 2009. Controls of nitrogen isotope patterns in soil
profiles. Biogeochemistry 95: 355-371.

Hobbie EA, Sanchez FS, Rygiewicz PT. 2012. Controls of isotopic patterns in
saprotrophic and ectomycorrhizal fungi. Soil Biology & Biochemistry 48: 60—68.

Hobbie EA, Weber NS, Trappe JM. 2001. Mycorrhizal vs saprotrophic status of
fungi: the isotopic evidence. New Phytologist 150: 601-610.

Hobbie JE, Hobbie EA. 2006. "N in symbiotic fungi and plants estimates nitrogen
and carbon flux rates in Arctic tundra. Ecology 87: 816-822.

Hobbie JE, Hobbie EA, Drossman H, Conte M, Weber JC, Shamhart J,
Weinrobe M. 2009. Mycorrhizal fungi supply nitrogen to host plants in
Arctic tundra and boreal forests: '°N is the key signal. Canadian Journal of
Microbiology 55: 84-94.

Hoefs J. 1997. Stable isotope geochemistry, 4th edn. Berlin, Germany: Springer.

Hogberg P. 1997. "N natural abundance of soil-plant systems. New Phytologist137:
179-203.

Hégberg P, Hogberg MN, Quist ME, Ekblad A, Nisholm T. 1999. Nitrogen
isotope fractionation during nitrogen uptake by ectomycorrhizal and non-
mycorrhizal Pinus sylvestris. New Phytologist 142: 569-576.

Hogberg P, Hogbom L, Schinkel H, Hégberg M, Johannisson C, Wallmark H.
1996. "N abundance of surface soils, roots and mycorrhizas in profiles of
European forest soils. Oecologia 108: 207-214.

Hégberg P, Johannisson C, Yarwood S, Callesen I, Nisholm T, Myrold DD,
Hogberg MN. 2011. Recovery of ectomycorrhiza after'nitrogen saturation‘of a
conifer forest. New Phytologist 189: 515-525.

Houlton BZ, Bai E, Schlesinger WH. 2009. Imprint of denitrifying bacteria on the
global terrestrial biosphere. Proceedings of the National Academy of Sciences, USA
106: 21713-21716.

Houlton BZ, Sigman DM, Hedin LO. 2006. Isotopic evidence for large gaseous
nitrogen losses from tropical rainforests. Proceedings of the National Academy of
Sciences, USA 103: 8745-8750.

Houlton BZ, Sigman DM, Schuur EAG, Hedin LO. 2007. A climate-driven switch
in plant nitrogen acquisition within tropical forest communities. Proceedings of the
National Academy of Sciences, USA 104: 8902—-8906.

Hynson NA, Preiss K, Gebauer G, Bruns TD. 2009. Isotopic evidence of full and
partial myco-heterotrophy in the plant tribe Pyroleae (Ericaceae). New Phytologist
182: 719-726.

© 2012 The Authors
New Phytologist © 2012 New Phytologist Trust

85UB01 7 SUOWILIOD SAIERID 3|qeoljdde ay) Aq peusenob ale Sapie VO ‘85N JO SN o ARIq1T 8UlUO A3 UO (SUONIPUOD-PUR-SLLIBY WD A3 | 1M Ae.q 18U UO//Scy) SUORIPUOD Uk swia 1 8y} 88S *[520z/50/08] Uo Areiqiauljuo A|im ‘Buiupeied susTeIS Aq X 00Er0'ZT0Z ZET8-697T TTTT'OT/I0p/w0d A3 1M Are.q jpul juo yduy//:sdny wolj pepeojumod ‘Z ‘ZT0Z ‘LET8697T



New
Phytologist

Imamura A, Yumoto T. 2008. Dynamics of fruit-body production and mycorrhiza
formation of ectomycorrhizal ammonia fungi in warm temperate forests in Japan.
Mycoscience 49: 42-55.

Inselsbacher E, Nisholm T. 2012. The below-ground perspective of forest plants:
soil provides mainly organic nitrogen for plants and mycorrhizal fungi. New
Phytologist 195: 329-334.

Kahmen A, Wanek W, Buchmann N. 2008. Foliar 3'°N values characterize soil
nitrogen cycling and reflect nitrate or ammonium preference of plants along a
temperate grassland gradient. Oecologia 156: 861-870.

Keller G. 1996. Utilization of inorganic and organic nitrogen sources by high-
subalpine ectomycorrhizal fungi of Pinus cembra in pure culture. Mycological
Research 100: 989-998.

Koba K, Hirobe M, Koyama L, Kohzu A, Tokuchi N, Nadelhoffer KJ, Wada E,
Takeda H. 2003. Natural "N abundance of plants and soil nitrogen in a
temperate coniferous forest. Ecosystems 6: 457—469.

KobaK, TokuchiN, Yoshioka T, Hobbie EA, Iwatsubo G. 1998. Naturalabundance
of "N in a forest soil. Soil Science Society of America Journal 62: 778-781.

Kohl DH, Bryan BA, Shearer G. 1983. Relationship between N,-fixing efficiency
and natural >N enrichment of soybean nodules. Plant Physiology73: 514-516.

Kohzu A, Matsui K, Yamada T, Sugimoto A, Fujita N. 2003. Significance of
rooting depth in mire plants: evidence from natural "N abundance. Ecological
Research 18: 257-266.

Kohzu A, Tateishi T, Yamada A, Koba K, Wada E. 2000. Nitrogen isotope
fractionation during nitrogen transport from ectomycorrhizal fungi, Suzllus
granulatus, to the host plant, Pinus densiflora. Soil Science and Plant Nutrition 46:
733-739.

Kohzu A, Yoshioka T, Ando T, Takahashi M, Koba K, Wada E. 1999. Natural >C
and "N abundance of field-collected fungiand their ecological implications. New
Phytologist 144: 323-330.

Landeweert R, Leeflang P, Kuyper TW, Hoffland E, Rosling A, Wernars K, Smit
E. 2003. Molecular identification of ectomycorrhizal mycelium in soil horizons.
Applied and Environmental Microbiology 69: 327-333.

Leake JR. 1994. The biology of myco-heterotrophic ‘saprophytic’ plants. New
Phyrologist 127: 171-216.

Lilleskov EA, Hobbie EA, Fahey TJ. 2002. Ectomycorrhizal fungal taxa differing in
response to nitrogen deposition also differ in pure culture organic nitrogen use and
natural abundance of nitrogen isotopes. New Phytologist 154: 219-231.

Lilleskov EA, Hobbie EA, Horton TR. 2011. Conservation of ectomycorrhizal
fungi: exploring the linkages between functional and taxonomic responses to
anthropogenic N deposition. Fungal Ecology 4: 174-183.

Lindahl BD, Ihrmark K, Boberg J, Trumbore SE, Hégberg P, Stenlid J, Finlay RD.
2007. Spatial separation of litter decomposition and mycorrhizal nitrogen uptake
in a boreal forest. New Phytologist 173: 611-620.

Macko SA, Fogel Estep ML, Engel MH, Hare PE. 1986. Kinetic fractionation of
stable nitrogen isotopes during amino acid transamination. Geochimica et
Cosmochimica Acta 50: 2143-2146.

Macko SA, Helleur R, Hartley G, Jackman P. 1989. Diagenesis of organic matter-a
study using stable isotopes of individual carbohydrates. Organic Geochemistry 16:
1129-1137.

Mariotti A. 1983. Atmospheric nitrogen is a reliable standard for natural §'°N
measurements. Nazure 303: 685-687.

Martinelli LA, Piccolo MC, Townsend AR, Vitousek PM, Cuevas E, McDowell
W, Robertson GP, Santos OC, Treseder K. 1999. Nitrogen stable isotopic
composition of leaves and soil: tropical versus temperate forests. Biogeochemistry
46: 45-65.

Martos F, Dulormne M, Pailler T, Bonfante P, Faccio A, Fournel J, Dubois M-P,
Selosse M-A. 2009. Independent recruitment of saprotrophic fungi as
mycorrhizal partners by tropical achlorophyllous orchids. New Phytologist 184:
668-681.

Mayor JR, Schuur EAG, Henkel TW. 2009. Elucidating the nutritional dynamics
of fungi using stable isotopes. Ecology Letters 12: 171-183.

McKee KL, Feller IC, Popp M, Wanek W. 2002. Mangrove isotopic ("N and
3'3C) fractionation across a nitrogen vs. phosphorus limitation gradient. Ecology
83: 1065-1075.

McLauchlan KK, Craine JM, Oswald WW, Leavitt PR, Likens GE. 2007. Changes
in nitrogen cycling during the past century in a northern hardwood forest.

Proceedings of the National Academy of Sciences, USA 104: 7466-7470.

© 2012 The Authors
New Phytologist © 2012 New Phytologist Trust

Tansley review

McLauchlan KK, Ferguson CJ, Wilson IE, Ocheltree TW, Craine JM.
2010. Thirteen decades of foliar isotopes indicate declining nitrogen
availability in central North American grasslands. New Phytologist 187:
1135-1145.

Medina R, Schmidt H-L. 1982. Nitrogen isotope ratio variations in biological
material, indicator for metabolic correlations? In: Schmidt H-L, Forstel H,
Heinzinger K, eds. Stable isotopes. Amsterdam, the Netherlands: Elsevier Scientific
Publishing, 465-473.

Menge DL, Baisden WT, Richardson SJ, Peltzer DA, Barbour MM. 2011.
Declining foliar and litter "N diverge from soil, epiphyte and input 8'*N along
a 120 000 yr temperate rainforest chronosequence. New Phyrologist 190: 941—
952.

Merckx V, Stockel M, Fleischmann A, Bruns TD, Gebauer G. 2010. '°N and '*C
natural abundance of two mycoheterotrophic and a putative partially
mycoheterotrophic species associated with arbuscular mycorrhizal fungi. New
Phytologist 188: 590-596.

Michelsen A, Quarmby C, Sleep D, Jonasson S. 1998. Vascular plant >N natural
abundance in heath and forest tundra ecosystems is closely correlated with
presence and type of mycorrhizal fungi in roots. Oecologia 115: 406-418.

Michelsen A, Schmidt IK, Jonasson S, Quarmby C, Sleep D. 1996. Leaf °’N
abundance of subarctic plants provides field evidence that ericoid,
ectomycorrhizal and non- and arbuscular mycorrhizal species access different
sources of soil nitrogen. Oecologia 105: 53—63.

Miller A, Bowman W. 2002. Variation in nitrogen-15 natural abundance and
nitrogen uptake traits among co-occurring alpine species: do species partition by
nitrogen form? Oecologia 130: 609-616.

Ogura-Tsujita Y, Gebauer G, Hashimoto T, Umata H, Yukawa T. 2009. Evidence
for novel and specialized mycorrhizal parasitism: the orchid Gastrodia confusa
gains carbon from saprotrophic Mycena. Proceedings of the Royal Society B-
Biological Sciences 276: 761-767.

Peay KG, Kennedy PG, Bruns TD. 2011. Rethinking ectomycorrhizal succession:
are root density and hyphal exploration types drivers of spatial and temporal
zonation? Fungal Ecology 4: 233-240.

Penuelas J, Estiarte M. 1997. Trends in plant carbon concentration and plant
demand for nitrogen throughout this century. Oecologia 109: 69-73.

Pérez T, Trumbore SE, Tyler SC, Davidson EA, Keller M, de Camargo PB. 2000.
Isotopic variability of N,O emissions from tropical forest soils. Global
Biogeochemical Cycles 14: 525-535.

Rastetter EB, Kwiatkowski BL, McKane RB. 2005. A stable isotope simulator that
can be coupled to existing mass-balance models. Ecological Applications 5:
1772-1782.

Read DJ, Perez-Moreno J. 2003. Mycorrhizas and nutrient cycling in ecosystems —a
journey towards relevance? New Phytologist 157: 475-492.

Rishavy MA, Cleland WW. 1999. "°C, °N, and '®0 equilibrium isotope effects
and fractionation factors. Canadian Journal of Chemistry77: 967-977.

Robinson D. 2001. §"°N as an integrator of the nitrogen cycle. Trends in Ecology &
Evolution 16: 153-162.

Roden JS, Lin GG, Ehleringer JR. 2000. A mechanistic model for interpretation of
hydrogen and oxygen isotope ratios in tree-ring cellulose. Geochimica et
Cosmochimica Acta 64: 21-35.

Rosling A, Landeweert R, Lindahl BD, Larsson KH, Kuyper TW, Taylor AFS,
Finlay RD. 2003. Vertical distribution of ectomycorrhizal fungal taxa in a podzol
soil profile. New Phytologist 159: 775-783.

Scattolin L, Montecchio L, Mosca E, Agerer R. 2008. Vertical distribution of the
ectomycorrhizal community in the top soil of Norway spruce stands. Enropean
Journal of Forest Research 127: 347-357.

Schimmelman A, DeNiro ME. 1986. Stable isotopic studies on chitin II. The 13C/
12Cand 15N/14N ratios in arthropod chitin. Contributions in Marine Science29:
113-130.

Schmidt S, Handley LL, Sangtiean T. 2006. Effects of nitrogen source and
ectomycorrhizal association on growth and 8N of two subtropical Eucalyptus
species from contrasting ecosystems. Functional Plant Biology 33: 367-379.

Schulze ED, Chapin FS, Gebauer G. 1994. Nitrogen nutrition and isotope
differences among life forms at the northern treeline of Alaska. Oecologia 100:
406-412.

Shearer GB, Kohl DH, Harper JE. 1980. Distribution of >N among plant-parts of
nodulating and non-nodulating isolines of soybeans. Plant Physiology 66: 57—60.

New Phytologist (2012) 196: 367-382
www.newphytologist.com

Review 381

IBGQHZ

85U801 7 SUOWILLIOD SAIERID 3]qeoljdde ay) Aq peusenob ale S9pIe VO ‘85N JO S3|NJ o AReiqiT 8UlUO AB[IM UO (SUONIPUCD-PUR-SLLIBI WD A3 1M A eIq 1 jBU UO//StY) SUONIPUOD pue swie | a4} 885 *[520z/S0/08] Uo Ariqi auliuo A8 (1M ‘Builupeied susTeIS AQ X'00Er0'2T0Z ZET8-69¥T [TTTT 0T/I0p/wW00 A8 1M Aeiq1jpuluoyduy//sdny woj pepeojumod ‘Z ‘2



382 Review

Tansley review

Smith SE, Read DJ. 2008. Mycorrhizal symbiosis, 3rd edn. London, UK: Academic
Press.

Smith SE, Smith FA. 1990. Structure and function of the interfaces in
biotrophic symbioses as they relate to nutrient transport. New Phytologist
114: 1-38.

Sollins P, Kramer MG, Swanston C, Lajtha K, Filley T, Aufdenkampe AK, Wagai
R, Bowden RD. 2009. Sequential density fractionation across soils of contrasting
mineralogy: evidence for both microbial- and mineral-controlled soil organic
matter stabilization. Biogeochemistry 96: 209-231.

Sollins P, Swanston C, Kleber M, Filley T, Kramer M, Crow S, Caldwell BA,
Lajtha K, Bowden R. 2006. Organic C and nitrogen stabilization in a forest soil:
evidence from sequential density fractionation. Soi/ Biology ¢ Biochemistry 38:
3313-3324.

Takebayashi Y, Koba K, Sasaki Y, Fang YT, Yoh M. 2010. The natural abundance
of N in plant and soil-available nitrogen indicates a shift of main plant nitrogen
resources to NO3 from NH along the nitrogen leaching gradient. Rapid
Communications in Mass Spectrometry 24: 1001-1008.

Tamm CO. 1991. Nitrogen in terrestrial ecosystems. Ecological studies 81. New York,
NY, USA: Springer-Verlag.

Taylor AFS, Fransson PM, Hogberg P, Hogberg MN, Plamboeck AH. 2003.
Species level patterns in '*C and N abundance of ectomycorrhizal and
saprotrophic fungal sporocarps. New Phytologist 159: 757-774.

Taylor AFS, Hégbom L, Hégberg M, Lyon AJE, Nisholm T, Hogberg P. 1997.
Natural >N abundance in fruit bodies of ectomycorrhizal fungi from boreal
forests. New Phytologist 136: 713-720.

Tennakoon KU, Pate JS, Arthur D. 1997. Ecophysiological aspects of the woody
root hemiparasite Santalum acuminatum (R. Br.) A. DC and its common hosts in
south Western Australia. Annals of Botany 80: 245-256.

Trudell SA, Rygiewicz PT, Edmonds RL. 2003. Nitrogen and carbon stable isotope
abundances support the myco-heterotrophic nature and host-specificity of certain
achlorophyllous plants. New Phytologist 160: 391-401.

Trudell SA, Rygiewicz PT, Edmonds RL. 2004. Patterns of nitrogen and carbon
stable isotope ratios in macrofungi, plants and soils in two old-growth conifer
forests. New Phytologist 164: 317-335.

Vitousek PM, Howarth RW. 1991. Nitrogen limitation on land and in the sea: how
can it occur? Biogeochemistry 13: 87-115.

Wallander H, Géransson H, Rosengren U. 2004. Production, standing biomass
and natural abundance of >N and *>C in ectomycorrhizal mycelia collected at
different soil depths in two forest types. Oecologia 139: 89-97.

Wallander H, Mérth C-M, Giesler R. 2009. Increasing abundance of soil fungi is a
driver for "N enrichment in soil profiles along a chronosequence undergoing
isostatic rebound in northern Sweden. Oecologia 160: 87-96.

Webb SC, Hedges REM, Simpson SJ. 1998. Diet quality influences the 8'*C and
35N of locusts and their biochemical components. Journal of Experimental
Biology 201: 2903-2911.

New Phytologist (2012) 196: 367-382
www.newphytologist.com

New
Phytologist

Werner RA, Schmidt HL. 2002. The iz vivonitrogen isotope discrimination among
organic plant compounds. Phytochemistry 61: 465-484.

Wheeler CT, Tilak M, Scrimgeour CM, Hooker JE, Handley LL. 2000. Effects of
symbiosis with Frankia and arbuscular mycorrhizal fungus on the natural
abundance of "N in four species of Casuarina. Journal of Experimental Botany51:
287-297.

Wilson SD, Tilman D. 1991. Component of plant competition along an
experimental gradient of nitrogen availability. Ecology72: 1050-1065.

Yano Y, Shaver GR, Giblin AE, Rastetter EB. 2009. Depleted "N in hydrolysable-
N of arctic soils and its implication for mycorrhizal fungi—plant interaction.
Biogeochemistry 97: 183-194.

Zalkin H, Smith JL. 2006. Enzymes utilizing glutamine as an amide donor. In:
Meister A, ed. Advances in enzymology and related areas of molecular biology, Vol.
51. New York, NY, USA: John Wiley & Sons, 87—-144.

Zeller B, Brechet C, Maurice J-P, Le Tacon F. 2007. '>C and BN isotopic
fractionation in trees, soils and fungi in a natural forest stand and a Norway spruce
plantation. Annals of Forest Science 64: 419—429.

Zimmer K, Hynson NA, Gebauer G, Allen EB, Allen MF, Read DJ. 2007.

Wide geographical and ecological distribution of nitrogen and carbon gains from
fungi in pyroloids and monotropoids (Ericaceae) and in orchids. New Phytologist
175: 166-175.

Supporting Information

Additional Supporting Information may be found in the online
version of this article.

Table S1 Climate, mycorrhizal type of dominant vegetation, and
bulk soil 3'°N data at 48 sites

Table S2 Climate, mycorrhizal type of dominant vegetation, and
>N enrichment between surface litter and deep soil at 86 sites

Table $3 Data on §'°N by horizon of soil pools and fungal
colonization of ectomycorrhizal, ericoid mycorrhizal, and sapro-
trophic taxa at Jidrads, Sweden

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

© 2012 The Authors
New Phytologist © 2012 New Phytologist Trust

85UB01 7 SUOWILIOD SAIERID 3|qeoljdde ay) Aq peusenob ale Sapie VO ‘85N JO SN o ARIq1T 8UlUO A3 UO (SUONIPUOD-PUR-SLLIBY WD A3 | 1M Ae.q 18U UO//Scy) SUORIPUOD Uk swia 1 8y} 88S *[520z/50/08] Uo Areiqiauljuo A|im ‘Buiupeied susTeIS Aq X 00Er0'ZT0Z ZET8-697T TTTT'OT/I0p/w0d A3 1M Are.q jpul juo yduy//:sdny wolj pepeojumod ‘Z ‘ZT0Z ‘LET8697T



