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Abstract The successful use of natural abundances of
carbon (C) and nitrogen (N) isotopes in the study of
ecosystem dynamics suggests that isotopic measure-
ments could yield new insights into the role of fungi in
nitrogen and carbon cycling. Sporocarps of mycorrhizal
and saprotrophic fungi, vegetation, and soils were col-
lected in young, deciduous-dominated sites and older,
coniferous-dominated sites along a successional se-
quence at Glacier Bay National Park, Alaska. My-
corrhizal fungi had consistently higher d15N and lower
d13C values than saprotrophic fungi. Foliar d13C values
were always isotopically depleted relative to both fungal
types. Foliar d15N values were usually, but not always,
more depleted than those in saprotrophic fungi, and
were consistently more depleted than in mycorrhizal
fungi. We hypothesize that an apparent isotopic frac-
tionation by mycorrhizal fungi during the transfer of
nitrogen to plants may be attributed to enzymatic re-
actions within the fungi producing isotopically depleted
amino acids, which are subsequently passed on to plant
symbionts. An increasing di�erence between soil mineral
nitrogen d15N and foliar d15N in later succession might
therefore be a consequence of greater reliance on my-
corrhizal symbionts for nitrogen supply under nitrogen-
limited conditions. Carbon signatures of mycorrhizal
fungi may be more enriched than those of foliage be-
cause the fungi use isotopically enriched photosynthate
such as simple sugars, in contrast to the mixture of
compounds present in leaves. In addition, some 13C
fractionation may occur during transport processes from
leaves to roots, and during fungal chitin biosynthesis.
Stable isotopes have the potential to help clarify the role
of fungi in ecosystem processes.
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Introduction

Life history strategies of mycorrhizal and saprotrophic
fungi are distinguished primarily by how they obtain
their energy. Mycorrhizal fungi colonize the roots of
plants in a mutualistic symbiosis, providing water and
nutrients to the plant and in return receiving photo-
synthates (Smith and Read 1996), whereas saprotrophic
fungi obtain their energy and carbon directly by
decomposing organic matter (Swift 1982).

Mycorrhizal fungi are an integral component of the
carbon and nitrogen dynamics of forest ecosystems.
Despite the di�culty of studying mycorrhizal processes,
numerous investigations have shown that a large
fraction of net primary production is often shunted
belowground to ®ne-root growth and to maintaining
mycorrhizal symbionts (Waring and Schlesinger 1985;
Finlay and SoÈ derstroÈ m 1992). Read (1992) suggested
that the ecology of mycorrhizal fungi is tightly coupled
to their functioning in the acquisition of nitrogen and
phosphorus. The ectomycorrhizal fungi dominant in
temperate and boreal systems are thought to be partic-
ularly important in nitrogen nutrition (Read 1992).

In forested ecosystems, saprotrophic fungi are the
most important decomposers. Their ubiquitous role
in decomposition arises largely from their ability to
degrade e�ciently the structural polymer lignin (Dix
and Webster 1995), which represents from 10 to 40% of
woody plant tissues (Aber and Melillo 1991). After the
lignin has been degraded, decomposition of the residue
by other microbial fauna is enhanced (Kirk and Fenn
1982).

Stable isotope analysis is a potentially useful tool for
analyzing the function of mycorrhizal and saprotrophic
fungi because isotopic variations in plants, soils, and
fungi re¯ect the net result of mechanisms of resource
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acquisition, loss, and internal cycling. Because isotopic
values are the results of many interacting processes, they
can be di�cult to interpret de®nitively (Handley and
Scrimgeour 1997). However, isotopic patterns often
point to particular mechanisms that can plausibly
explain the data and can therefore guide us towards
experimental tests of di�erent hypotheses.

Previous studies have found signi®cant di�erences in
d15N among plants of di�ering mycorrhizal habit in
arctic (Michelsen et al. 1998), subarctic (Michelsen et al.
1996), and tropical (HoÈ gberg 1990) ecosystems. Di�er-
ences between saprotrophic and mycorrhizal strategies
for resource acquisition suggest that stable isotope
analysis could illuminate the mechanisms by which these
two fungal classes interact with the environment. For
example, Gleixner et al. (1993) utilized this approach
to evaluate mechanisms of wood decomposition and
carbon acquisition in saprotrophic fungi.

Sampling and identifying hyphae in ®eld studies of
fungal processes is problematic. For this reason, it
would be convenient if isotopic measurements in
aboveground fruiting bodies re¯ected isotopic signatures
of belowground fungal hyphae. De®nitive culture stud-
ies comparing d15N of hyphae and fruiting bodies in
several fungal species have yet to be undertaken, al-
though several studies suggest that this assumption may
be valid. Handley et al. (1996) measured d15N of caps,
stipes (stalks), and hyphae of the saprotrophic fungus
Agrocybe, and reported all three tissues as within 1&. In
a recent review article, HoÈ gberg (1997) concluded that
the d15N of mycorrhizal fruiting bodies in the ®eld was
similar to that of fungal tissue surrounding roots, based
on isotopic results in ectomycorrhizal sheaths (HoÈ gberg
et al. 1996) and fruiting bodies (Taylor et al. 1997).
These studies suggest that isotopic signatures in easily
measured fruiting bodies should be similar to hyphae,
and therefore useful in the study of belowground carbon
and nitrogen dynamics.

Large changes in carbon and nitrogen dynamics have
been observed during forest succession. An area that has
been extensively studied as a model system for succes-
sional processes is the primary successional sequence
at Glacier Bay, Alaska, where glaciers have retreated
approximately 100 km over ~250 years (Cooper 1923;
Bormann and Sidle 1990; Chapin et al. 1994). The
Glacier Bay system is characterized by rapid nitrogen
cycling during the early successional dominance of the
N-®xing tree Alnus sinuata (Regel) Rydb. (Sitka alder),
and by slow nitrogen cycling during the late successional
dominance of Picea sitchensis (Bong.) Carr. (Sitka
spruce) (Chapin et al. 1994). Negative correlations have
been observed between nitrogen availability and the
degree of mycorrhizal colonization and development
(Marx et al. 1977; Wallander and Nylund 1991). It is
possible that in late succession at Glacier Bay, under
conditions of slow N cycling, mycorrhizal fungi might be
more important in supplying N to plants than under the
conditions of rapid N cycling that prevail in early
succession. In this ecosystem with soils of known age

and successional stage, insights into the mechanistic role
of fungi in C and N dynamics during succession are
possible that would otherwise be obscured.

In this study, carbon and nitrogen isotope values
were determined in mycorrhizal and saprotrophic fungi
at sites along a successional sequence, where N dynamics
in soils and vegetation had been studied previously
(Hobbie et al. 1998). We addressed the following ques-
tions:

(1) Can nitrogen isotope measurements be used to
distinguish between mycorrhizal and saprotrophic
acquisition of nitrogen?

(2) Can carbon isotope measurements be used to dis-
tinguish between the di�erent sources of mycorrhizal
and saprotrophic carbon?

(3) Can nitrogen isotope measurements be used to
decide how changing nitrogen dynamics during
succession a�ect interactions between mycorrhizal
fungi and host plants?

Materials and methods

Glacier Bay is located in southeast Alaska (59°N, 136°W), at the
northern end of the temperate rainforest that stretches from Ore-
gon to southern Alaska. Precipitation averages 183 cm yearly, with
60% falling from August to November. It has a cool maritime
climate, with average temperatures of 12°C and )7°C for summer
and winter, respectively. Under the early successional dominance of
alder, soil O horizons are quite thin (~5 cm), whereas under the
later successional dominance of spruce they increase to about
15 cm in thickness (Fastie 1994).

Five sites were sampled in summer 1995, representing the two
major successional stages and a range of site ages (Table 1, Fig. 1).
Sites 1 and 4 had been previously investigated by Fastie (1995) for
successional history, and sites 2 and 5 were stem-mapped by We-
ishampel (1994) in a modeling study of forest dynamics.

At each site, a minimum of 15 sporocarps were collected for
isotopic analyses. They were identi®ed to genus and subsequently
designated as mycorrhizal or saprotrophic, based on life history
traits. In addition, foliage samples of alder and spruce were
collected at each site. Seven soil cores of the O horizon were taken
at each site (diameter � 4.2 cm) and all live roots less than 3 mm
diameter were collected for analysis. Organic and mineral soil
horizons at each site were also sampled (n � 5). Some wood cores
from dominant spruce were also obtained.

All samples were oven-dried at 40±45°C. Vegetation samples
were ground in a Wiley mill to pass through a 40 mesh screen prior

Table 1 Site descriptions, showing age, dominant vegetation, C/N
of organic soil, and stem basal area of trees (at 137 cm height) at
®ve sites

Site no, name
(approximate number
of years since
deglaciation)

Dominant
vegetation

C/N of
organic
soil

Basal area
of trees
(m2 ha)1)

(1) Goose Cove (55) Alnus 16.7 30.2
(2) Adams Inlet (90) Alnus 17.2 27.9
(3) Muir Point (110) Alnus, Picea 16.7 30.8
(4) Beartrack Cove (165) Picea 29.0 60.6
(5) Bartlett Cove (225) Picea 30.9 78.5
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to analysis. Soil horizons were separated from litter layers, passed
through a 1-mm sieve and ground with a mortar and pestle.

Ammonium and nitrate in organic soil were analyzed for d15N
according to the procedure ofVelinsky et al. (1989).Only sites 1 and 2
were analyzed for nitrate 15N. Soil samples of 75 g were extracted
with 200 ml of a 1 NKCl solution and centrifuged; 5 ml of 5 NNaOH
was then added to the supernatant, and the resulting ammonia was
steam-distilled into an acidic solution. The pH of this solution was
then adjusted to 5.5±6.0 and the ammonium bound by ion exchange
to a zeolitemolecular sieve (UnionCarbide IonsivW-85). The nitrate
in the remaining sample was reduced to ammonium with Devarda's
alloy and a second steam distillation was carried out as before.

Samples for %C, %N, d13C, and d15N were primarily deter-
mined in a continuous ¯ow (CF) system on a Carlo Erba elemental
analyzer coupled to a Micromass Optima mass spectrometer
(Fisons/VG/Micromass, Manchester, UK). Flash combustion of
samples under oxygen was followed by reduction of the gases on a
Cu column at 550°C, chromatographic separation of the CO2 and
N2, and subsequent isotopic analyses of the separate CO2 and N2

pulses. The large sample size necessary for isotopic analysis of

mineral N, mineral horizon soil, and spruce wood required prep-
aration using the Dumas sealed-tube method (Macko 1981). For
the Dumas method, CO2 and N2 were ®rst cryogenically separated
and nitrogen and carbon stable isotope ratios subsequently deter-
mined on a VG Prism Series II isotope ratio mass spectrometer
(IRMS) (Fisons/VG/Micromass).

Reproducibility of measurements on duplicate samples was
�0.3& using the CF-IRMS and �0.1& using the Dumas sealed-
tube method. The internal standards for CF-IRMS samples were
acetanilide and orchard leaves (NIST 1572), calibrated against CO2

and N2 on the VG Prism Series II IRMS. Stable isotope abun-
dances are reported as:

d15N or d13C � �Rsample=Rstandardÿ1 � � 1000 �1�

where R � 15N/14N or 13C/12C of either the sample or the refer-
ence standard (atmospheric N2 for nitrogen, PeeDee belemnite for
carbon). Samples with more of the heavy isotope are referred to as
heavier, or enriched; samples with more of the light isotope are
lighter, or depleted.

Fig. 1 Map of Glacier Bay
National Park, showing dates of
glacial retreat and site locations.
Sites shown from youngest to
oldest are (1) Goose Cove, (2)
Adams Inlet, (3) Muir Point,
(4) Beartrack Cove, (5) Bart-
lett Cove. Modi®ed fromMilner
(1997), with permission of the
publishers
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The statistical package Statview (Abacus Concepts, Berkeley,
Calif.) was used to test for relationships among the data. Isotopic
results for the di�erent pools sampled were compared using a one-
way, two-tailed ANOVA. Separation of means was performed
using a Sche�eÂ F-test at the 0.05 signi®cance level. Means are
reported �1 SE. Correlation coe�cients between isotopic results
and site age were analyzed for a signi®cant (0.05) di�erence from
zero using Fisher's r to z transformation.

Results

It is helpful to examine the isotopic data from two
perspectives. First, the broad patterns among individual
ecosystem compartments are shown in the d15N and
d13C averages for ecosystem pools across all ®ve sites.
Second, subsequent comparisons between the isotopic
data at individual sites are then used to evaluate overall
di�erences in ecosystem interactions between early and
late succession. Patterns in isotopic composition among
sites re¯ect how the interactions among ecosystem pools
change as succession proceeds from rapid N cycling in
early succession to slow N cycling in late succession.

Stable nitrogen isotopes

When pooled across all sites, large di�erences were ob-
served among the various ecosystem pools and fungal
taxa sampled, with the highest d15N values in mineral
horizon soil and mycorrhizal fungi (Table 2), and the
lowest in spruce foliage. Although ammonium d15N
values from soil extracts averaged somewhat lower than
d15N of the organic soil (Table 2), they were not statis-
tically di�erent (P � 0.11). Mycorrhizal fungi d15N
values were clearly higher than those for saprotrophic
fungi (P < 0.0001). Large di�erences in d15N were ob-

served among di�erent taxa of fungi, ranging from 8&
for the mycorrhizal Tricholoma, to ±5& for the sapro-
trophic Fomitopsis (Table 3). Within a given type
of fungus (mycorrhizal or saprotrophic), the observed
di�erences were smaller.

When compared by increasing site age (Figs. 2, 3),
d15N of spruce foliage and ®ne roots generally declined
during succession (r2 � 0.66 and 0.67, respectively,
P<0.0001 for both), whereas d15N of ammonium in the
soil, the N form preferred by spruce (Rygiewicz et al.
1984a,b), remained relatively constant (r2 � 0.17,
P � 0.06). Saprotrophic fungi also declined somewhat
in d15N with increasing site age (r2 � 0.27, P � 0.003),
but mycorrhizal fungi did not (r2 � 0.03) (Fig. 2). The
d15N values for alder foliage and bulk soil pools did not
vary greatly over succession (Fig. 3).

Carbon stable isotopes

Several distinct groupings were noted for carbon signa-
tures among the taxa and ecosystem pools sampled
(Table 2). Foliage, ®ne roots, and O horizon soils were

Table 2 Average nitrogen and carbon isotopic compositions at
Glacier Bay for selected ecosystem pools. Means � SE are given
(with the number of samples across all ®ve sites in parentheses).
Ammonium signatures are from organic horizons at sites 1±5, ni-
trate signatures from organic horizons at sites 1 and 2. Values
within a group followed by the same letter are not statistically
di�erent, based on Sche�eÂ 's post hoc comparison at P = 0.05

d15N (&) d13C (&)

Fungi
Mycorrhizal fungi (67) 4.2 � 0.4a )25.6 � 0.2a

Saprotrophic fungi (29) )1.3 � 0.5b )22.6 � 0.2b

Plant
Alnus foliage (29) )1.3 � 0.2a )29.7 � 0.3a

Picea foliage (26) )3.7 � 0.6b )28.8 � 0.4a

Fine roots (31) )2.0 � 0.4ab )27.5 � 0.2b

Picea wood (13) ± 25.4 � 1.1c

Soil
Mineral soil (11) 6.0 � 2.5a )25.6 � 0.6a

Organic soil (25) 0.6 � 0.3b )27.5 � 0.2b

Ammonium (21) )0.7 � 0.4b

Nitrate (6) )0.1 � 1.1b

Table 3 d15N and d13C for fungal taxa. Means � SE are given
(with the number of samples across all ®ve sites in parentheses).
Values within a group followed by the same letter are not statisti-
cally di�erent, based on Sche�eÂ 's post hoc comparison at P � 0:05

d15N (&) d13C (&)

Mycorrhizal
Cortinarius (23) 4.3 � 0.9a )25.6 � 0.2a

Hygrophorus (8) 3.0 � 0.7a )25.3 � 0.3a

Russula (16) 2.6 � 0.6a )25.8 � 0.2a

Tricholoma (4) 8.0 � 0.3a )24.8 � 0.1a

Saprophytic
Coprinus (3) 0.6 � 0.2a )23.1 � 0.2a

Fomitopsis (3) )5.2 � 0.9b )23.5 � 0.0a

Mycena (5) )1.0 � 1.1ab )22.3 � 0.5a

Polyporus (8) )2.0 � 0.8ab )22.5 � 0.2a

Fig. 2 d15N of Picea foliage, mycorrhizal fungi, saprotrophic fungi,
and ammonium by site. Error bars represent the SE of the mean. Sites
arranged from youngest to oldest
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most depleted ()27.5& to )30& ), followed by wood,
mineral horizon soils, and mycorrhizal fungi (~)25.5&).
Saprotrophic fungi were highly enriched relative to all
other groups (~)23&). In contrast to d15N results, my-
corrhizal fungi were quite depleted in 13C relative to
saprotrophic fungi (P<0.0001) (Fig. 4). Similarly clas-
si®ed taxa (mycorrhizal or saprotrophic) resembled each
other in isotopic composition (Table 3).

Discussion

Nitrogen dynamics

One striking result of this study is the highly enriched
d15N signature of mycorrhizal fungi relative to foliage
throughout Glacier Bay, regardless of site age (Table 2).
Studies of d15N of fruiting bodies elsewhere in Alaska
(E. Lilleskov, personal communication), Japan and
Malaysia (A. Kohzu, personal communication), Europe
(Gebauer and Dietrich 1993; Taylor et al. 1997), Scot-
land and Australia (Handley et al. 1996) strongly suggest
that this is a general pattern for mycorrhizal fungi. We

hypothesize that biosynthetic processes within the
mycorrhizal mycelium lead to the production of amino
acids isotopically depleted relative to source N. For ex-
ample, the transamination of glutamic acid to aspartic
acid resulted in a 9& fractionation (Macko et al. 1986).
If similar isotopically discriminating processes occur in
fungi and if isotopically depleted amino acids are then
passed on to the host plants, foliage would become
isotopically depleted, and the mycorrhizal fungi would
become isotopically enriched.

A logical test of this hypothesis would be compound-
speci®c 15N isotopic analysis of amino acids in my-
corrhizal fungi. In fact, because N transfer in
mycorrhizal fungi appears to operate via a glutamine-
glutamate shuttle (Smith and Smith 1990), it would be
desirable to know the d15N values of both the amino-N
and amido-N of glutamine. A further test would be
measuring the d15N of saprotrophic protein and chitin,
as one might expect smaller di�erences between the two
classes of compounds in saprotrophic fungi than were
observed in mycorrhizal fungi (Taylor et al. 1997).
Macko et al. (1990) reported that chitin was 3& de-
pleted in d15N relative to whole-body N in the sapro-
trophic fungus Agaricus, whereas Taylor et al. (1997)
recorded a 9& depletion in d15N between chitin and
whole-body N in three species of ectomycorrhizal fungi.
Handley et al. (1996) suggested that loss of isotopically
depleted ammonia from fruiting bodies could also ex-
plain the high d15N values relative to plants. However,
this will not explain why even young fruiting bodies are
isotopically enriched relative to plants (HoÈ gberg 1997),
why saprotrophic fruiting bodies were similar in d15N to
plant foliage but mycorrhizal fungi were enriched
(Handley et al. 1996), or why, in this study, saprotrophic
and mycorrhizal fungi di�ered so dramatically in d15N.

Ectomycorrhizal plants such as spruce are particu-
larly reliant on mycorrhizal fungi for nitrogen nutrition
(Read 1992). Both spruce and mycorrhizal fungi pref-
erentially utilize ammonium (Ingestad 1979; Rygiewicz
et al. 1984a,b; Smith and Read 1996), which is the
dominant mineral form of nitrogen at Glacier Bay
(Bormann and Sidle 1990). Rygiewicz et al. (1984a,b)
measured ammonium uptake rates as 3.2 and 4.6 times
faster than nitrate uptake in nonmycorrhizal and my-
corrhizal sitka spruce, respectively. In the absence of
fractionating processes, one would expect that ammo-
nium d15N should be similar to either spruce foliage or
mycorrhizal fungi d15N. However, the actual pattern is
for d15N of mycorrhizal fungi to be consistently higher
than ammonium and for spruce foliage to be consis-
tently lower (Fig. 2, Table 2). This again suggests that
trees receive isotopically light N when they obtain
nitrogen from their fungal symbionts. The N remaining
in the symbionts, comprising the mycelium and the
sporocarps, becomes isotopically heavy relative to the
presumed source, the mineral N in the soil.

This mechanism can also explain the d15N trends
observed for spruce foliage during succession (Fig. 2). In
early succession (sites 1 and 2), with rapid cycling of

Fig. 3 d15N of Alnus foliage, ®ne roots, and organic horizon soil by
site, arranged as in Fig. 2

Fig. 4 d13C of mycorrhizal and saprotrophic fungi by site, arranged
as in Fig. 2
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nitrogen, we would suggest that nitrogen is readily
available in the soil for direct plant uptake without
passing through mycorrhizal fungi, and therefore spruce
foliage is isotopically similar to ammonium. In later
succession (sites 4 and 5), with slower cycling of N, we
would suggest that spruce is highly dependent on its
mycorrhizal symbionts for its N supply, N is isotopically
fractionated during its passage through mycorrhizal
fungi, and therefore spruce foliage is isotopically de-
pleted relative to ammonium (Fig. 5). Greater use of
isotopically depleted nitrate by spruce in late succession
than in early succession is not a tenable explanation
for the decline in spruce d15N values, as soil nitrate
concentrations in late succession at Glacier Bay are
extremely low (Bormann and Sidle 1990).

Alternatively, mycorrhizal fungi and tree roots may
draw from di�erent soil N pools, with mycorrhizal fungi
tapping an unknown, isotopically heavy organic N pool
while trees acquire isotopically light ammonium and
nitrate. However, the general pattern of enriched d15N
signatures of mineral N when compared to foliage
weighs heavily against this explanation. Measurements
on the d15N of labile organic N compounds in the soil
such as amino acids are needed to address this issue. The
uptake of organic N by mycorrhizal fungi and vegeta-
tion could also be assessed through application in the
®eld of 13C- and 15N-labeled amino acids (NaÈ sholm et al.
1998).

Although not addressed in this study, variations in
rooting depth among species can result in di�erences in
the spatial pattern of N uptake (McKane et al. 1990),
and could lead to isotopic di�erences among plant spe-
cies. In the young soils of Glacier Bay, few roots are
observed in the mineral soil, and therefore most N up-
take probably occurs in the organic horizon and litter
layer. This would minimize the in¯uence of rooting
depth di�erences on the isotopic composition.

Garten (1993) suggested that the amount by which
soil d15N was greater than foliar d15N was an indicator
of N saturation, with smaller di�erences indicating
greater N saturation. More recently, HoÈ gberg et al.
(1996) proposed that the di�erence between soils and

roots could be a better indicator. We suggest that these
di�erences primarily re¯ect the degree to which nitrogen
uptake is mediated through mycorrhizal fungi, with
relatively greater isotopic di�erences between plants and
soil corresponding to a greater fungal role in N supply.

Carbon dynamics

Some interesting implications arise from the patterns in
d13C among soil pools, wood, foliage, and mycorrhizal
and saprotrophic fungi. The very clear di�erence be-
tween mycorrhizal and saprotrophic fungi suggests that
d13C measurements are a new and simple method for
distinguishing mycorrhizal from saprotrophic fungi.
This method even appears useful for distinguishing be-
tween mycorrhizal and saprotrophic life history strate-
gies in closely related taxa (N. Weber, J. Trappe,
E. Hobbie, unpublished data).

Some of these di�erences may result from isotopic
fractionation during the synthesis of biochemicals, or
from transport between di�erent plant parts. For
example, Gleixner et al. (1993) found a 2& enrichment
during the formation of fungal chitin from wood cellu-
lose. Wood cellulose is itself about 2& enriched relative
to leaf cellulose, which should be isotopically similar to
the simple sugars ®xed during photosynthesis (Gleixner
et al. 1993), and subsequently transported to my-
corrhizal fungi via the roots. However, con¯icting re-
ports about isotopic di�erences among plant sugars,
starches, and cellulose (Ehleringer 1991) indicate that
more data about the d13C of potential source pools are
needed to explain the cause of the clear isotopic di�er-
ences between mycorrhizal and saprotrophic fungi.

The isotopic enrichment in 13C of mycorrhizal fungi
relative to plant foliage may arise from several causes.
The large proportion of isotopically depleted lignins in
foliage lowers the average isotopic signature of the bulk
leaf. In contrast, mycorrhizal fungi receive primarily
sugars from the host plant (Finlay and SoÈ derstroÈ m
1992). There may also be fractionation between the
sugars ®xed during photosynthesis and the sugars ac-
tually delivered to the mycorrhizal fungi, as root sugars
were enriched about 2& compared to leaf sugars in one
study of sugar beets (Gleixner et al. 1993). In the present
study, the ®ne roots had an isotopic composition lower
than mycorrhizal fungi and higher than foliage, which
would suggest that both root-shoot and compound-
speci®c fractionations are important. Compound-spe-
ci®c d13C analyses of plant and fungal sugars such as
sucrose and trehalose would be useful to address these
issues.

An alternative explanation for the enrichment of
mycorrhizal fungi relative to plants is the respiration of
isotopically light CO2, as suggested by Boutton (1996).
In general, heterotrophs are isotopically enriched 1& in
13C relative to their diet (DeNiro and Epstein 1978).
Several of the mechanisms discussed above may be
operating simultaneously.

Fig. 5 Schematic diagram of hypothesized interactions among
vegetation, soil available N, and mycorrhizal fungi under conditions
of rapid N cycling (a), or slow N cycling (b)
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The isotopic enrichment in 13C of saprotrophic fungi
relative to wood is attributed primarily to a 2&
enrichment during chitin formation (Gleixner et al.
1993), and secondarily to the acquisition of isotopically
enriched cellulose during wood and litter degradation.
Lignin, the other major constituent of wood, is always
isotopically depleted relative to cellulose and the bulk
wood (Benner et al. 1987). Although most wood-in-
habiting fungi can degrade lignin, the isotopic evidence
suggests to us that the actual incorporation of lignin
degradation products into fungal tissues is probably not
signi®cant. Gleixner et al. (1993) did not report isotopic
di�erences between white rot fungi that could degrade
lignin and soft rot fungi that could not, which again
suggests that both of these fungal types primarily
incorporated breakdown products of cellulose.

The enrichment of d13C in mineral soil relative to the
organic horizon has been observed in other studies
(Nadelho�er and Fry 1988). This isotopic enrichment
has generally been attributed to discrimination against
13C during decomposition and respiration. We believe
that an additional mechanism that should be considered
is the large mycorrhizal input of isotopically enriched
carbon to soil below the litter layer. At the soil surface,
carbon inputs are derived from isotopically light plant
litter, whereas at greater soil depth, carbon inputs are
comprised of root and mycorrhizal material, as well as
inputs from higher in the soil pro®le.

Conclusions

We present isotopic evidence for possible di�erences
between saprotrophic and mycorrhizal fungi in the
processing of carbon and nitrogen. These di�erences
should be very useful in providing an ecosystem per-
spective to the interactions among fungi, other organ-
isms, and resources. In particular, the isotopic
di�erences discussed reveal how mycorrhizal fungi
in¯uence plant N supply. It appears that the transfer of
N from mycorrhizal fungi to plants is a fractionating
process; enzymatic processes of amino acid biosynthesis
within the fungal mycelia are suggested as one possible
cause of this isotopic fractionation. The importance of
mycorrhizal fungi to plant N supply appeared to in-
crease as nitrogen became more limiting in later suc-
cession. Natural abundances of carbon and nitrogen
isotopes could be a powerful tool in ®eld studies to
investigate the functioning of fungal taxa in C and
N dynamics.

These results suggest that d13C analyses could be used
to test for the relative contributions of soil organic
matter and plant host carbon to mycorrhizal fungi. The
mycorrhizal d13C signature should di�er more from the
signature of leaves as the saprotrophic capabilities in-
crease. Studies of d13C have been useful in investigations
of the incorporation of C4 plant residues into soil
organic matter in systems that have shifted from C3 to
C4 plants (Balesdent and Mariotti 1996). Comparable

studies could be used to clarify the relative contribution
of litterfall and belowground inputs to the stable soil
organic matter.

As discussed above, more detailed ®eld and labora-
tory studies are necessary to examine the C and N
fractionations that occur during N transfer from my-
corrhizal fungi to plants, during C transfer from plants
to mycorrhizal fungi, and during C uptake from soil
organic matter and wood to mycorrhizal fungi and
saprotrophs. These studies could reveal whether di�er-
ences among taxa in isotopic signatures can be attrib-
uted to di�erent strategies of resource acquisition or to
di�erent patterns of plant-fungal interactions.

Acknowledgements Ari Jumpponen, Erik Lilleskov, Paul Rygie-
wicz, Alison Hobbie, John Hobbie, and three anonymous reviewers
gave helpful criticism that improved the manuscript. The ®eldwork
assistance of David Richardson and Mat Williams and the support
of the sta� of Glacier Bay National Park are gratefully acknowl-
edged. This work was supported by NASA grant NAG5-2295
to Hank Shugart and several additional funding sources at the
University of Virginia.

References

Aber JD, Melillo JM (1991) Terrestrial ecosystems. Saunders
College Publishing, Philadelphia

Balesdent J, Mariotti A (1996) Measurement of soil organic matter
turnover using 13C natural abundance. In: Boutton TW,
Yamasaki S-I (eds) Mass spectrometry of soils. Dekker, New
York, pp 83±111

Benner R, Fogel ML, Sprague EK, Hodson RE (1987) Depletion
of 13C in lignin and its implications for stable carbon isotope
studies. Nature 329:708±710

Bormann BT, Sidle RC (1990) Changes in productivity and
distribution of nutrients in a chronosequence at Glacier Bay
National Park, Alaska. J Ecol 78:561±578

Boutton TW (1996) Stable carbon isotope ratios of soil organic
matter and their use as indicators of vegetation and climate
change. In: Boutton TW, Yamasaki S-I (eds) Mass spectrom-
etry of soils. Dekker, New York, pp 47±82

Chapin FS III, Fastie CL, Walker LR, Sharman L (1994) Mech-
anisms of primary succession following deglaciation at Glacier
Bay, Alaska. Ecol Monogr 64:149±175

Cooper WS (1923) The recent ecological history of Glacier Bay,
Alaska. II. The present vegetation cycle. Ecology 4:223±246

DeNiro MJ, Epstein S (1978) In¯uence of diet on the distribution of
carbon isotopes in animals. Geochim Cosmochim Acta 42:495

DixNJ,Webster J (1995) Fungal ecology. Chapman&Hall, London
Ehleringer JR (1991) 13C/12C fractionation and its utility in ter-

restrial plant studies. In: Coleman DC, Fry B (eds) Carbon
isotope techniques. Academic Press, New York, pp 187±200

Fastie CL (1994) Two centuries of primary succession at Glacier
Bay, Alaska: a test of a classic glacial retreat chronosequence.
PhD thesis, University of Alaska, Fairbanks

Fastie CL (1995) Causes and ecosystem consequences of multiple
pathways of primary succession at Glacier Bay, Alaska. Ecol-
ogy 76:1899±1916

Finlay RD, SoÈ derstroÈ m B (1992) Mycorrhiza and carbon ¯ow to
the soil. In: Allen MF (ed) Mycorrhizal functioning. Chapman
& Hall, New York, pp 134±160

Garten CT (1993) Variation in foliar 15N abundance and the
availability of soil nitrogen on Walker Branch watershed.
Ecology 74:2098±2113

Gebauer G, Dietrich P (1993) Nitrogen isotope ratios in di�erent
compartments of a mixed stand of spruce, larch and beech trees

359



and of understorey vegetation including fungi. Isotopenpraxis
29:35±44

Gleixner G, Danier H-J, Werner RA, Schmidt H-L (1993) Corre-
lations between the 13C content of primary and secondary plant
products in di�erent cell compartments and that in decom-
posing basidiomycetes. Plant Physiol 102:1287±1290

Handley LL, Scrimgeour CM (1997) Terrestrial plant ecology and
15N natural abundance: the present limits to interpretation for
uncultivated systems with original data from a Scottish old
®eld. Adv Ecol Res 27:133±212

Handley LL, Brendel O, Scrimgeour CM, Schmidt S, Raven JA,
Turnbull MH, Stewart GR (1996) The 15N natural abundance
patterns of ®eld-collected fungi from three kinds of ecosystems.
Rapid Commun Mass Spect 10:974±978

Hobbie EA, Macko SA, Shugart HH (1998) Patterns in N dy-
namics and N isotopes during primary succession in Glacier
Bay, Alaska. Chem Geol 152:3±11

HoÈ gberg P (1990) 15N natural abundance as a possible marker of
the ectomycorrhizal habit of trees in mixed African woodlands.
New Phytol 115:483±486

HoÈ gberg P (1997) 15N natural abundance in soil-plant systems.
New Phytol 137:179±203

HoÈ gberg P, HoÈ gbom L, Schinkel H, HoÈ gberg M, Johannisson C,
WaÊ llmark H (1996) 15N abundance of surface soils, roots and
mycorrhizas in pro®les of European forest soils. Oecologia
108:207±214

Ingestad T (1979) Mineral nutrient requirements of Pinus sylvestris
and Picea abies seedlings. Physiol Plant 45:373±380

Kirk TK, Fenn P (1982) Formation and action of the ligninolytic
system in basidiomycetes. In: Frankland JC, Hedger JN, Swift
MJ (eds) Decomposer basidiomycetes: their biology and ecol-
ogy. Cambridge University Press, Cambridge, UK, pp 67±90

Macko SA (1981) Stable nitrogen isotope ratios as tracers of
organic geochemical processes. PhD thesis, University of
Texas, Austin

Macko SA, Fogel (Estep) ML, Engel MH, Hare PE (1986) Kinetic
fractionation of stable nitrogen isotopes during amino acid
transamination. Geochim Cosmochim Acta 50:2143±2146

Macko SA, Helleur R, Hartley G, Jackman P (1990) Diagenesis of
organic matter ± a study using stable isotopes of individual
carbohydrates. Org Geochem 16:1129±1137

Marx DH, Hatch AB, Mendicino JF (1977) High soil fertility de-
creases sucrose content and susceptibility of loblolly pine roots
to ectomycorrhizal infection by Pisolithus tinctorius. Can J Bot
55:1569±1574

McKane RB, Grigal DF, Russelle MP (1990) Spatiotemporal dif-
ferences in 15N uptake and the organization of an old-®eld plant
community. Ecology 71:1126±1131

Michelsen A, Schmidt IK, Jonasson S, Quarmby C, Sleep D (1996)
Leaf 15N abundance of subarctic plants provides ®eld evidence

that ericoid, ectomycorrhizal and non- and arbuscular
mycorrhizal species access di�erent sources of soil nitrogen.
Oecologia 105:53±63

Michelsen A, Quarmby C, Sleep D, Jonasson S (1998) Vascular
plant 15N natural abundance in heath and forest tundra
ecosystems is closely correlated with presence and type of
mycorrhizal fungi in roots. Oecologia 115:406±418

Milner AM (1997) Glacial recession and freshwater ecosystems in
coastal Alaska. In: Milner AM, Oswood MEW (eds) Fresh-
waters of Alaska. Springer, Berlin Heidelberg New York, pp
303±330

Nadelho�er KJ, Fry B (1988) Controls on natural nitrogen- and
carbon-abundances in forest soil organic matter. Soil Sci Soc
Am J 52:1633±1640

NaÈ sholmT, Ekblad A, Nordin A, Giesler R, HoÈ gberg M, HoÈ gberg
P (1998) Boreal forest plants take up organic nitrogen. Nature
392:914±916

Read DJ (1992) The mycorrhizal mycelium. In: Allen MF (ed) My-
corrhizal functioning. Chapman & Hall, New York, pp 102±133

Rygiewicz PT, Bledsoe CS, Zasoski RJ (1984a) E�ects of ectomy-
corrhizae and solution pH on 15N-ammonium uptake by
coniferous seedlings. Can J For Res 14:885±892

Rygiewicz PT, Bledsoe CS, Zasoski RJ (1984b) E�ects of ecto-
mycorrhizae and solution pH on 15N-nitrate uptake by conif-
erous seedlings. Can J For Res 14:893±899

Smith SE, Read DJ (1996) Mycorrhizal symbiosis. Academic Press,
New York

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

Swift MJ (1982) Basidiomycetes as components of forest ecosys-
tems. In: Frankland JC, Hedger JN, Swift MJ (eds) Decom-
poser basidiomycetes: their biology and ecology. Cambridge
University Press, Cambridge, UK, pp 307±337

Taylor AFS, HoÈ gbom L, HoÈ gberg M, Lyon AJE, NaÈ sholm T,
HoÈ gberg P (1997) Natural 15N abundance in fruit bodies
of ectomycorrhizal fungi from boreal forests. New Phytol
136:713±720

Velinsky DJ, Cifuentes LA, Pennock JR, Sharp JH, Fogel ML
(1989) Determination of the isotopic composition of ammo-
nium-nitrogen at natural abundance level from estuarine
waters. Mar Chem 16:351±361

Wallander H, Nylund J-E (1991) E�ects of excess nitrogen on
carbohydrate concentration and mycorrhizal development of
Pinus sylvestris L. seedlings. New Phytol 119:405±411

Waring RH, Schlesinger WH (1985) Forest ecosystems: concepts
and management. Academic Press, New York

Weishampel JF (1994) Spatial dynamics of primary forest succes-
sion: modeling the Glacier Bay ``chronosequence''. PhD thesis,
University of Virginia, Charlottesville

360


