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ABSTRACT

Conventional studies of nitrogen (N) cycling in for-
est ecosystems have focused on inorganic N uptake
as the primary source of N for plant metabolism.
More recently, however, alternative sources of N
for plant nutrition, such as free amino acids, have
gained attention, particularly in nutrient-limited
systems. Using a multiple stable isotope (*’C and
'>N) design, that allowed us to simultaneously as-
sess root uptake of ammonium (NH, ") and glycine,
we compared the cycling dynamics of NH," and
amino acid N within the soils of several interior
Alaskan floodplain balsam poplar stands. Our de-
sign included multiple sampling periods extending
from 45 min to 14 days, which permitted us to
study interpool transfers of our carbon (C) and N
isotopes over time. Microbial biomass N was the
largest sink of both '’N-ammonium and glycine.
Percent recovery of '°N for this pool was an order of
magnitude larger than fine-root >N uptake for
most sampling periods. Although recovery of >N in
fine-root biomass was small, amino acid N and

NH,"* were assimilated at approximately the same
rate irrespective of sampling period, and total re-
covery was still increasing 2 weeks after application.
Recovery of '’N in bulk soil samples did not vary
significantly over time for either treatment. How-
ever, bulk soil '>C declined steadily during the ex-
periment, measuring less than 30% recovery of
added label after 14 days. We suspect that the ma-
jority of '*>C lost from our soils was respired. Soil
microorganisms strongly outcompeted plants in the
short term for both NH," and amino acid N. How-
ever, amino acid N appears to cycle through soil N
pools at approximately the same rate as inorganic N
forms. The similarity in uptake patterns for inor-
ganic and organic N suggests that these stands are
meeting part of their N requirements directly from
amino acids.

Key words: amino acid; glycine; ammonium; bal-
sam poplar; '>C and '°N; organic nitrogen uptake;
microbial biomass N; floodplain; Alaska.

INTRODUCTION

Organic nitrogen (N) is the predominant form of N
found in arctic and subarctic soils (Walker 1989;
Kielland 1995), existing in a variety of forms from
amino acids to heterocyclic N compounds such as
purines and pyrimidines (Schulten and Schnitzer
1998). Although fluxes of inorganic N in northern
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ecosystems have been studied in detail (Giblin and
others 1991; Van Cleve and others 1983), relatively
little is known about the role of organic N sources in
the N economies of plants in these systems. More-
over, despite the fact that a broad range of plant
species have demonstrated the capacity to use or-
ganic sources of N (Stribley and Read 1980; Finlay
and others 1992; Chapin and others 1993; Kielland
1994, 1997; Schimel and Chapin 1996; Raab and
others 1999; Nasholm and others 1998, 2000), most
regional and global models predicting ecosystem
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response to changing climate or altered land-use
patterns have focused on inorganic N cycling in
calculations of net ecosystem carbon (C) flux (Run-
ning and Hunt 1993; Melillo and others 1993).

In particular, studies in arctic and boreal ecosys-
tems have shown that annual N mineralization is
insufficient to account for the quantity of N ab-
sorbed annually by vegetation (Shaver and others
1991; Ruess and others 1996). This would suggest
that out understanding of the relationship between
ecosystem production and soil N dynamics is still
incomplete. Plants in arctic and boreal ecosystems
must be sequestering organic N to supplement their
N requirements; thus, sequestration represents a
major consideration for elucidating the function of
N in controlling ecosystem production.

Over the past decade, researchers have begun to
assess the relative importance of organic N to the
nutritional requirements of plants in cold environ-
ments with low-quality soil organic matter (Finlay
and others 1992; Chapin and others 1993; Kielland
1994, 1997; Michelsen and others 1996, 1998;
Schimel and Chapin 1996). Low soil temperatures
reduce the rate of organic matter decomposition,
thereby reducing rates of net N mineralization (Yin
1992). Still, the overall availability of N may actu-
ally be enhanced relative to the products of miner-
alization due to elevated amino acid production
associated with increased proteolytic activity in soils
with a higher proportion of organic matter (Chapin
and others 1988; Raab and others 1999). Concen-
trations and turnover of free amino acids in tundra
and taiga environments can be up to an order of
magnitude greater than for ammonium (Kielland
1995; Jones and Kielland 2002). Moreover, the en-
ergetics associated with the assimilation of amino
acid versus inorganic N forms suggest that the
former should be a preferable N source for plants.
This argument could also be extended to microor-
ganisms, both free-living and symbiotic, since
amino acids should provide a high-quality source of
metabolic C as well as N. Outside of laboratory
manipulations (Jones 1999), however, there is little
direct empirical evidence to support this conten-
tion.

Competition for N between plants and microor-
ganisms exists to varying degrees in all terrestrial
ecosystems, so to discuss plant N uptake without
considering the role of microorganisms essentially
excludes one of the major factors controlling N
availability to plants. For instance, several pulse-
chase experiments that have quantified recovery
rates of added N label in vegetation and soil pools
have found that microbes are a stronger sink for this
N source than plants (Jackson and others 1989; Zak

and others 1990; Schimel and Chapin 1996; but see
Lipson and Monson 1998). Yet other observations
concerning the long-term fate of inorganic '>N ap-
plied to various grassland and forest ecosystems are
less conclusive (Hart and others 1993). In some
instances, plants and microbes demonstrated a sim-
ilar capacity for sequestering the added label;
whereas in others, plants appeared to dominate
over the microbial pool in accumulating '°N. Un-
derstanding the factors controlling N availability to
plants therefore requires a more comprehensive ap-
proach to elucidate the pathways for both inorganic
and organic N cycling. In intact forest ecosystems,
where multiple sinks and processes interact to
transform and cycle N, it is difficult to establish
patterns for these processes by studying only one
form of the resource, that is, NH, " or NO;~ within
an isolated pool. There is a need for more integrated
studies that focus on interpool transfers of other N
forms, particularly in ecosystems where plants may
have the capacity to utilize soluble forms of organic
N.

Here we examine, concurrently, the cycling dy-
namics of NH," and amino acid N in the soils of a
deciduous boreal forest ecosystem dominated by
ectomycorrhizal trees and shrubs. We predicted
that in nutrient-limited systems, such as taiga for-
ests, where low soil temperatures can slow miner-
alization rates, organic N sources would assume a
greater role than inorganic N sources (for example,
NH, ") in supplying the annual N requirements of
vascular plants. Our study had two objectives. The
first was to provide in situ experimental evidence
that vegetation in balsam poplar communities along
floodplains in interior Alaska can directly absorb
amino acids. Secondly, we evaluated the partition-
ing of inorganic and organic N between plants and
soil microorganisms. We addressed these objectives
by using a multiple stable isotope design that al-
lowed us to simultaneously assess root uptake of
NH,* and glycine.

MATERIALS AND METHODS
Study Site

Our study area was the Bonanza Creek LTER site,
20 km southwest of Fairbanks, Alaska (64°51'N,
147°43'W; elevation, approximately 120 m). Gla-
cially fed, the Tanana River winds along multiple
channels through this landscape, creating a flood-
plain of alkaline soils that support a mosaic of plant
communities representing all stages of the primary—
successional sequence. The successional develop-
ment of these communities begins with sand bar
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Table 1. Stand Characteristics for Each of the Three Floodplain Balsam Poplar Study Sites in the Bonanza

Creek Experimental Forest

Site

Parameter Stand 1 Stand 2 Stand 3
Soil temperature (°C)“ 9.65 = 0.18 9.69 = 0.20 8.40 = 0.14
Percent total soil carbon

Organic horizon 323 %15 30.3 £ 4.1 26.3 £ 6.5

Mineral horizon 1.2 0.2 1.3 04 2.0 £ 0.6
Percent total soil nitrogen

Organic horizon 1.8 £0.0 1.6 £ 0.1 14*+04

Mineral horizon 0.08 = 0.01 0.08 £ 0.02 0.13 = 0.03
Stem density” 567 867 922
Basal area“ 28.6 36.9 443
Total tree biomass? 1.27 X 10° 1.68 X 10° 1.99 X 10°
Total litterfall® 2460.0 2461.0 1828.9
Mycorrhizal root tips” 413 +5.6 61.8 6.6 30.8 + 3.1
Percent mycorrhizal infection? 92 94 97

“Average soil temperature measured at 7-cm depth during August 1998.
bStem density = stems - ha !

“Basal area = m*ha'

Total tree biomass = kg + ha™' as measured in June 1998

“Litterfall = kg - ha~' y~" collected from September 1997 to September 1998

'Mycorrhizal root tips are live ectomycorrhizal (ECM) root tips per meter balsam poplar fine root
IPercent mycorrhizal infection is # number of healthy ECM tips per total tips counted. Dead tips or tips that were older or not easily distinguishable as ECM were not counted

(Lansing unpublished).

colonization by horsetails (Equisetum spp.) and wil-
low (Salix spp.) and culminates in a mixture of
slow-growing black spruce forest (Picea mariana)
and muskeg on older terraces (Viereck and others
1993).

In floodplain forests, balsam poplar (Populus bal-
samifera) is the dominant deciduous community
type, transitional between thin-leaf alder thickets
(Alnus tenuifolia) and white spruce (Picea glauca)
stages of the chronosequence. During the alder
stage, rapid N, fixation takes place concurrently
with mineralization and nitrification. Most of the
soil N for the entire chronosequence accumulates
during this stage of development (Van Cleve and
others 1993b). However, as the alder community
succeeds to a closed canopy balsam poplar stand,
both N, fixation and net nitrification decline (Van
Cleve and others 1993a; Uliassi and Ruess 2002).

A combination of field and lab evidence suggests
that there are two mechanisms driving N limitation
in balsam poplar stands. First, secondary chemicals
(tannins) leached from balsam poplar litter may
suppress the N,- fixation rate and the gross N min-
eralization rate (Schimel and others 1996). Second,
microbial N immobilization may be enhanced by
the release of labile C compounds. Low-molecular-
weight phenolics from balsam poplar litter in-
creased soil respiration in incubation studies, indi-

cating that they are used as microbial substrates
(Sugai and Schimel 1993; Schimel and others
1996). The overall effect of these two processes is a
reduction in N availability, as a balsam poplar can-
opy becomes dominant.

Our experiment was conducted in three mature
balsam poplar stands distributed along a 5-km
stretch of the Tanana River (Table 1). Vegetation
structure for these sites includes a closed canopy of
balsam poplar with a dense thin-leaf alder under-
story. Basal area for stems larger than 5 cm aver-
aged 36.7 m? ha ' and 1.8 m? ha ' for balsam
poplar and alder, respectively, with densities for
poplar ranging from 567 to 922 stems ha~' among
the three stands. Total litterfall averaged 279 = 13
g'm 2 y ! across the three stands during the
1998-99 growing season. Rose (Rosa acicularis) and
high-bush cranberry (Viburnum edule) are promi-
nent within the shrub layer, filling understory can-
opy gaps previously occupied by decadent alder
shrubs.

Average daily soil temperatures measured at a
depth of 7 cm during the 1998 growing season
ranged from a minimum of 3.8°C in May to a
maximum of 11.4°C in late July. The soil, classified
as typic cryofluvent, consists of an alluvium of fine
to medium sand grains overlain by a well-devel-
oped organic profile extending to more than —8 cm
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in some places. Soil C:N ratios average 19.0 for the
organic layer and 16.0 for the mineral soil (J. W.
McFarland unpublished). Soil pH was not measured
in these stands; however, chemical analysis of min-
eral horizons in similar stands indicates that they
are calcareous and therefore alkaline (Marion and
others 1993). Values for the forest floor are actually
mildly acidic, ranging between 5.6 and 6.4 depend-
ing on depth (Van Cleve and others 1983).

Field

Our tracer experiment was conducted during Au-
gust 1998 in previously established 30 X 30 m plots,
one plot per stand. Within each plot, there were
three subplots; each subplot contained three injec-
tion grids, one for each of three treatments. The
entire design was replicated across three stands.
Injection grids measured 81 X 15 cm and consisted
of six identical templates with 37 holes each (222
total/grid). Each grid was injected with one of three
treatment solutions in the upper 10 cm of soil. The
treatment solutions were as follows: (a) '>NH,"
plus U-['>C,]-glycine (ammonium treatment), (b)
NH,* plus U-["’C,]['’N]-glycine (glycine treat-
ment), or (c) distilled water (control).

Using doubly labeled glycine in the second treat-
ment allowed us to evaluate the root uptake of
intact amino acids by comparing the ratio of '°N
and '’C found within fine-root tissue to the 2:1
ratio of '’C and '°N found in the tracer (Nasholm
and others 1998). In theory, a ratio of less than 2:1
indicates that at least a portion of the '’N seques-
tered by fine roots receiving this treatment was
mineralized from glycine prior to assimilation. Un-
labeled ammonium was added to the second treat-
ment to mirror any fertilization effect created by the
simultaneous addition of labeled ammonium and
glycine in the first treatment. The injection volume
was 2 ml, which applied approximately 0.39 g '*>C
m~ 2 and 0.22 g >N m~? for both labeled solutions.
Total N additions for each treatment averaged 10.51
ugN g~ ! dry soil (5.255 pgas NH, " -N and 5.255 ug
as glycine-N). Each 2-ml aliquot was delivered by
inserting the needle to a 10-cm depth and emptying
the repeating pipette as the needle was withdrawn.

Coring grids consisted of six holes large enough to
allow a soil corer with an inside diameter of 5.5 cm
to pass through unobstructed (Figure 1). The center
of each coring hole exactly matched the center of its
respective injection template. Theoretically, this
permitted us to remove a soil core 12 cm in depth
with a known amount of added label (600 wg '°N
and 1040 pg '>C per core; see Calculations section).
Both the injection grids and the coring grids were
constructed of 0.32-cm Lexan sheets, which were

Figure 1. Coring scheme used for each sampling period.
Treatments are as follows: TRT A (labeled ammonium
treatment) = ['’NH,],SO, + U-['’C,]-glycine; TRT B
(doubly labeled glycine treatment) = [NH,],SO, +
U-[">C,]['°N]-glycine; TRT C (control) = deionized H,O.
Cores within each grid were injected to 10 cm and har-
vested to 12 cm at 45 min; 2, 12, and 24 h; and 7 (168 h)
and 14 (336 h) days. Sampling periods were randomized
within grids. Sampling periods: 1 = T s, 2 = Top, 3 =
Tion 4 = Toun 5 = Tiesn 6 = Tssen-

flexible enough to mold to the surface of the forest
floor. Grids were held in position by four steel pins
buried to a depth of 20 cm, which made it easy to
properly align the coring grids over the respective
injection grids.

Within each stand, subplots were separated by a
minimum of 5 m. Injecting a complete subplot took
approximately 30 min, after which we began har-
vesting the first in a series of cores for each treat-
ment. Cores within each grid were harvested to 12
cm at 45 min; 2, 12, and 24 h; and 7 and 14 days.
Initial processing was conducted on site in a tent
laboratory. Immediately following sampling, each
core was split vertically into two equal halves. One
half was used for sorting and freezing roots for '>C
and '°N analysis; the other half was used for '’>C
and '°N analysis of (a) total soil C and N, (b) ex-
tractable dissolved inorganic N (DIN) and dissolved
organic N (DON), and (c) microbial N. No rocks
were found in any of the cores collected; therefore,
soils were hand-sorted and mixed to minimize any
disturbance associated with sieving. After initial
processing, all root and soil samples were frozen
with liquid N, in the field and stored on ice for
transport to our laboratory facilities.

Laboratory

Root samples were thawed and floated briefly in
distilled water to remove all remaining organic mat-
ter. We separated roots by size. Roots measuring
over 1 mm in diameter were classified as coarse;
roots measuring 1 mm or less were classified as fine.
Fine roots were freeze-dried and ground using a
Wiley mill (40 mesh) and subsequently powderized
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using a ball mill to ensure complete homogeniza-
tion within each sample. Soil moisture content was
determined by drying subsamples at 70°C for 36 h.
These subsamples were ground using a ball mill.
Both roots and soils were then analyzed for C, N,
13C, and '°N using a Europa Scientific continuous
flow mass spectrometer (PDZ Europa, Inc.).

Samples for determination of DIN were extracted
in the field with 0.5M K,SO, containing 5 ppm
phenyl mercuric acetate for 1 h, vacuum-filtered
through Whatman no. 1 filter paper, and stored
frozen until analysis. After thawing, these samples
were analyzed for NH," and NO,~ by flow injection
colorimetry using a Lachat autoanalyzer (Keeney
and Nelson 1982) and prepared for '°N analysis by
a diffusion procedure. The procedure entails pipet-
ting 20 ml of the sample into a 140-ml plastic spec-
imen container. A 4-mm disk cut from Whatman
GF/D glass fiber filters was suspended on a stainless
steel wire above the solution in the plastic con-
tainer. The disk was acidified with 10-15 pl of 1.0M
H,SO,. Five acid-washed glass beads were added to
the container along with 0.2 g of Devarda’s alloy to
reduce and collect nitrate-'>N. To bring the sample
N concentration up to a detectable range, each con-
tainer was spiked with 50 pl of a 100-ppm
(**NH,),SO, solution (0.366% '°N). Approxi-
mately 0.2 g of MgO was added to each container
just prior to sealing. The container was then placed
on an orbital shaker table at 85 rpm for 5 days.
Standards with a known atom % '°N were analyzed
along with the samples to evaluate diffusion effi-
ciency.

Microbial biomass N (MBN) was determined us-
ing a fumigation—extraction technique (Brookes
and others 1985). Soils were fumigated in the field
with ethanol-free chloroform for 24 h in a modified
pressure cooker, transported to our laboratory un-
der vacuum, and extracted in 250-ml glass beakers
with 0.5M K,SO,. Fumigated and DIN extracts
were digested using a modified micro-Kjeldahl pro-
cedure (Bremner and Mulvaney 1982) and ana-
lyzed colorimetrically with a Technicon continuous
flow autoanalyzer (Whitledge and others 1981).
DON was calculated as the difference between di-
gested and undigested extracts. MBN was calculated
as the difference between fumigated N and DON.
No correction factor (K..) was used in the calcula-
tions.

Fumigated and dissolved organic N extracts were
diffused in a Mason jar unit described by Khan and
others (1997). Approximately 10 ml of the Kjeldahl
digest was pipetted into the Mason jar unit. Two
quartz filter disks (Whatman QM-A) were placed
on stainless steel holders attached to the lid of each

Mason jar and acidified with 10 pl of 0.5M H,SO,.
Again, five acid-washed glass beads were added to
each jar along with 10 ml of 10M NaOH. The jar
was sealed and heated to 45°C overnight.

Calculations

All isotope values for DIN, DON, MBN, fine-root N
and C, and soil N and C are reported as percent (%)
recovery of added label, with the exception of the
fine-root C pool, which is also reported in delta
notation. We used delta notation in this instance so
we could observe, with greater resolution, the sub-
tle enrichment of this pool against background. &
13C was calculated using the following formula:

3 B¥C=1000-"
(sample % ">C-PDB % *C)/PDB % ’C

The percent of added label recovered in a particular
pool was determined by multiplying the '>C or '°N
atom percent enrichment (APE) of the pool by the
pool size (png N or C per gram dry soil) and dividing
this value by the amount of label added to the core.
APE was determined by subtracting the atom % '>C
or '°N of control cores from the atom % '>C or '°N
of treated cores. Control values were averaged
within a site prior to use in estimating enrichment.
For each core, the area injected with label was over
twice as large as the area extracted for analysis.
Therefore, we used the surface area ratio of the
injection template to the coring template (Figure 1)
to estimate the fraction of label (600 pg '°N and
1040 wg '>C) that was injected into each treatment
core.

Statistical Analysis

All C and N pools were analyzed using analysis of
variance (ANOVA) with subplots nested within
stands. Response variables were either percent of
added label (*’N or '*>C) recovered or pool size (g
N or C). Factor effects tested in these analyses in-
cluded stand, subplot (within stand), treatment,
and sampling period. Multiple comparisons for rel-
evant factor effects were conducted using Tukey
HSD tests. We assumed plot, treatment, and sam-
pling period to be fixed and subplot to be random.
All inferences regarding pool dynamics are made at
the stand level.

Due to missing values from two of our stands, we
were faced with an unbalanced design in many of
our analyses. Therefore, we opted to use a mixed-
model analysis (PROC MIXED, SAS Systems ver-
sion 6.12, 1996; SAS Institute, Cary, NC, USA) to
evaluate variance within all our extractable N pool
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Table 2. Mean Percent Recovery (+ 1 SE) of Added '°N within Various Plant and Soil Pools
Recovery of added '°N
(%)
N form Pool 45 min 2h 12 h 24 h 168 h 336 h
NH," DIN 20.90 £3.55 20.96 =3.84 10.95*2.93 1.96 £ 0.15 8.41 = 1.48 4.71 £ 1.07
DON 16.09 = 5.52 13.64 £4.08 14.01 =7.58 21.54 £4.89 7.15 £ 4.19 6.15 £ 1.35
Microbial N 45.89 £ 9.16 49.90 = 16.0 26.80 = 7.74 64.20 =11.7 21.17 = 3.96 12.56 £ 3.44
Fine-root N 0.07 £ 0.01 0.17 £ 0.03 0.52 = 0.10 0.63 £ 0.17 1.39 £ 0.28 1.64 = 0.22
Bulk soil N 5893 £589 71.14 698 6844 *6.06 79.30*11.9 67.04*6.28 7337 *6.94
Glycine DIN 9.16 £ 3.69 7.73 £ 2.74 7.03 £0.93 1.55 £ 0.39 4.80 = 0.48 3.10 = 0.38
DON 2456 =526 16.06 =494 10.48 *£1.82 18.61 £ 2.75 6.26 £ 2.95 7.06 = 1.25
Microbial N 30.70 £ 16.0 53.05 *7.39 21.70 £4.94 37.95 = 6.07 19.19 £ 2.70 10.34 £ 2.61
Fine-root N 0.08 = 0.02 0.24 = 0.04 0.31 = 0.08 0.52 = 0.07 0.94 = 0.18 1.39 £ 0.28
Bulk soil N 58.41 £ 6.29 60.56 £ 7.29 57.85 * 3.62 69.19 = 9.89 50.04 * 6.56  65.00 = 10.7

N, nitrogen; NH,*, ammonium; DIN, dissolved inorganic nitrogen; DON, dissolved organic nitrogen
Since stand was not a significant factor effect in any of the analyses (see Table 3), nine replicate cores, three from each stand, were pooled together for each nitrogen substrate

at each time period.
Note that not all pools contain complete replication.

data sets. We included a repeated-measures com-
ponent in our design to model variation within
subplots across all sampling periods and chose au-
toregressive order one as our covariance structure
within subjects.

For root data from the '>C'°N-glycine treatment,
we regressed excess '’C against excess '°N for each
time period (Nasholm and others 1998) and com-
pared the slopes for each regression line to a slope
of 2 (injection ratio of C:N for glycine) using a
two-sided t-test for comparing two slopes.

RESULTS
Pool Size and Background '°C and '°N

N pool size varied dramatically between the various
soil components. MBN (mean =* standard error
[SE]) averaged 155.7 + 7.9 ng N g~ ! dry soil across
all treatments and time periods. This represented
approximately 3.0% of total soil N and was substan-
tially higher than soluble organic and inorganic N
pools. Although treated cores typically had a larger
pool size (F,ss = 3.74, P = 0.03), there was no
significant shift in microbial N over time within any
treatment. No significant treatment or time effects
were observed in analyses of the DIN or DON pools,
which averaged 9.3 + 1.3 and 65.6 + 3.7 pg N g~ *
dry soil respectively, across all treatments and sam-
pling periods. Thus, on average, the N additions
associated with each treatment enhanced the DIN
pool by 56% and the DON pool by 8%. Total root
biomass averaged 27.4 mg g~ ' dry soil for all sites.

Fine roots made up less than 15% of this mass and,
at 1-2% N, accounted for an average of 47 pg N g~ *
dry soil.

Altogether, '°N values for our control samples fell
within reasonable ranges for ambient § '°N values
for all pools measured. Previous values reported
from similar floodplain stands averaged —2.2%o and
—4.1%o, respectively, for bulk soils and roots (K.
Kielland unpublished). Soil 8 '’N values for our
control cores (0—12 cm) averaged 1.3 = 0.4%o. Fine-
root values were slightly depleted at —0.7 = 1.1%o
relative to the bulk soil pool. '’C abundance in the
fine-root pool averaged —28.14%. (= 0.07), which
is also consistent with previous measurements
taken for floodplain vegetation (K. Kielland unpub-
lished). Variation in '*C and '’N abundance of each
pool was small for control cores across time, while &
>N values for treated cores ranged one to two
orders of magnitude higher than natural abundance
for most pools and time periods. This result suggests
that our ability to detect treatment effects in each
pool over time was strong despite any fractionation
associated with interpool transfer of N.

Recovery of >N and *°C in Soil

Recoveries of '°N from labeled ammonium and gly-
cine for each pool are summarized in Table 2. Total
recovery of '°N was similar across sites (F, g5 =
2.13, P = 0.12) for bulk soil samples (soil from
which only roots are removed). Mean recovery for
bulk soil was not significantly different over time
for either treatment. However, the total amount of
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Table 3. The Effect of Treatment, Sampling Period, and Stand on Percent Recovery of Added Tracer
within Soil Extractable Nitrogen (N) and Fine Root and Bulk Soil Carbon (C) and Nitrogen Pools

Pool Source df F P
DIN Stand 2,58 0.43 0.66
Treatment 1,58 22.21 b
Sampling period 5,58 12.12 b
Treatment X Sampling period 5,58 3.24 “
DON Stand 2,58 2.05 0.14
Treatment 1,58 0.10 0.75
Sampling period 5,58 3.51 “
Treatment X Sampling period 5,58 0.56 0.73
MBN Stand 2,34 0.97 0.39
Treatment 1, 34 3.59 0.07
Sampling period 5, 34 7.40 b
Treatment X Sampling period 5,34 1.00 0.43
Fine-root C Stand 2,88 1.33 0.27
Treatment 1, 88 0.09 0.76
Sampling period 5, 88 7.82 b
Treatment X Sampling period 5, 88 0.71 0.61
Fine-root N Stand 2, 88 1.33 0.27
Treatment 1, 88 3.11 0.08
Sampling period 5, 88 26.76 b
Treatment X Sampling period 5, 88 0.72 0.61
Bulk soil C Stand 2,88 1.82 0.17
Treatment 1, 88 2.10 0.15
Sampling period 5, 88 18.17 b
Treatment X Sampling period 5, 88 1.22 0.31
Bulk soil N Stand 2, 88 2.13 0.12
Treatment 1, 88 4.86 0.03
Sampling period 5, 88 1.33 0.26
Treatment X Sampling period 5, 88 0.26 0.93

MBN, microbial biomass nitrogen; DIN, dissolved inorganic nitrogen; DON, dissolved organic nitrogen

Data were analyzed using a mixed model ANOVA (o = 0.05)
“P = 0.01
’P = 0.001

>N recovered from the NH, -amended (69.7 *
3.0%) cores was on average 9% higher across all
time periods than soil from cores that received gly-
cine (60.2 £ 3.1%; F) g¢ = 4.86, P = 0.03). More
importantly, however, the high rate of recovery for
15N in the bulk soil pool after 14 days indicates that
most of the labeled N applied to our soils was re-
tained over time. In contrast to '°N, recovery of '*>C
in bulk soil samples declined steadily over time
(Figure 2), measuring less than 30% after 14 days.
Initial recovery values for samples harvested at 45
min ranged between 45% and 50% of added label,
depending on the treatment combination. The rapid
loss of '>C in the initial hours of the experiment
suggests that glycine represents a good energy
source for soil microorganisms (although we can’t
differentiate root respiration from microbial respi-
ration). Given the high N retention and rapid C loss,

it would appear that microbes are assimilating gly-
cine to utilize the carbon skeleton for metabolism
rather than for biosynthesis.

Of the various components of bulk soil N, MBN
represented the largest sink for '°N, regardless of
treatment. It is clear that glycine represents a rela-
tively labile N source for microbial assimilation
since the recovery rates for glycine '°’N were of the
same magnitude as those for '>NH,". Enrichment
within this pool was very rapid for both treatments,
averaging 46% recovery for ammonium and 31%
recovery for glycine at 45 min after injection. Per-
cent recovery of '°N for this pool ranged from 10%
to 64%, depending on the treatment and sampling
period. MBN in both '°N treatments varied more or
less in concert over time, since there was no signif-
icant time X treatment interaction (Fs;, = 1.00,
P = 0.43); however, recovery rates appeared to be
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Figure 2. Percent recovery of added '>C and '°N in bulk
soil carbon and nitrogen pools over time. ® = labeled
ammonium treatment (*>NH, " + '*>C-glycine); m = dou-
bly labeled glycine treatment (**NH,* + '>C'°N-glycine).
Open symbols represent soil carbon; solid symbols repre-
sent soil nitrogen. Values are averaged across cores (n =
9). Data are means = 1 standard error of the mean.
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Figure 3. Percent recovery of added '°N as DIN, DON, or
microbial N pools against time. @ = microbial N pool; A
= DIN pool; m = DON pool. Open symbols represent
ammonium treatment (>NH," + '>C-glycine); solid
symbols represent doubly labeled glycine (*NH," +
1>C'°N-glycine) treatment. Data are means * 1 standard
error of the mean.

higher in the ammonium treatment than for gly-
cine at some time periods (Figure 3). After 24 h,
microbial immobilization of added N was almost
70% higher in the ammonium treatment than it
was for glycine. We observed no differences be-
tween the labeled treatments in the microbial pool
after 24 h.

The amount of label recovered as DIN was low.

Initial recoveries of DIN-'°N varied from 9% for
glycine-amended cores to 21% for those receiving
ammonium. Microbial immobilization was rapid for
the ammonium treatment, since most of the tracer
disappeared from the DIN pool within 24 h after
injection. '°N enrichment within the DIN pool
peaked again at 7 days for ammonium cores before
falling below 5% recovery at 14 days. Across all
sampling periods, less than 10% of the label was
recovered as DIN in soils receiving glycine, indicat-
ing that this N form was either retained within the
microbial pool or remained in the soil as organic N
(DON). Still, recovery of '>’N-DIN administered as
glycine was highest in the first sampling period,
suggesting that at least part of this substrate was
rapidly mineralized and released as inorganic N.
Within 24 h, the DIN pool accounted for less than
2% of the glycine label. Recovery peaked again at 7
days, but not to the degree that we observed in the
ammonium treatment. No significant treatment ef-
fect was detected in the DIN pool on the final sam-
pling date.

Although the distribution of label over time in
the DON pool did not vary significantly with treat-
ment application (Fs5 sg = 0.56, P = 0.73), we did
observe distinct patterns of DON cycling when com-
pared with the DIN and microbial pools. Label re-
covered as DON averaged 16% for the NH, " treat-
ment and 25% for the glycine treatment at the first
sampling period. These values declined slowly for
both treatments, until the fourth sampling period
(24 h), after which % recovery of '°N increased for
both N sources. This reenrichment of the DON pool
after 24 h corresponds to a concomitant increase in
microbial biomass '°N (Figure 3) and a decrease in
extractable inorganic '°N.

Recovery of both '°N tracers in the microbial pool
peaked at 2 h and again at 24 h even though
percent recovery of '°N in bulk soil showed no
significant change over time (F5g5 = 1.33, P =
0.26) for either ammonium- or glycine-amended
soils. If labeled N were following a path of immo-
bilization, mineralization, and excretion as excess
NH," or NO;~ we would expect to see a steady
increase in microbial '>N corresponding to a steady
decrease in DIN '°N and vice versa as N was re-
leased from the microbial pool. Percent recovery of
5N in the microbial pool did not increase steadily
over time, but it oscillated significantly during the
first four sampling periods; whereas recovery of '°N
as DON increased for both treatments between 12
and 24 h. However, after 2 weeks, the amount of
label recovered as DON had fallen to about 6 %—-7%,
similar to the values observed for DIN. These obser-
vations suggest (a) that some fraction of the micro-
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Figure 4. Percent recovery of added '*>C and '°N in fine-
root carbon and nitrogen pools over time. @ = labeled
ammonium treatment (*>NH, " + '*>C-glycine); m = dou-
bly labeled glycine treatment (**NH," + '>C'°N-glycine).
Open symbols represent root carbon; solid symbols rep-
resent root nitrogen. Data are means *+ 1 standard error
of the mean.

bial population might be releasing extracellular en-
zymes (into the DON pool) for degradation of more
complex organic substrates (see Discussion), and
(b) that most of the >N remaining in the soil after
2 weeks must be locked up in a recalcitrant (non-
extractable) organic N form.

Root Uptake

Amino acid N and NH," were taken up by fine-root
biomass at approximately the same rate (Figure 4);
overall, there was no treatment effect on percent
recovery of "’N in fine roots (F, gq = 3.11, P =
0.08). Although total recovery of '’N in fine-root
biomass was small, averaging 1.39% and 1.64% for
glycine and NH, ", respectively, at 14 days, total
recovery was still increasing after 2 weeks in both
treatments. In contrast, fine-root C showed a 2%o
enrichment of '>C over the first 24 h, but no sig-
nificant change over the next 13 days (Figure 5).
Enrichment of the fine-root C pool stopped some-
where between 12 and 24 h, suggesting that any
glycine '°N sequestered by fine roots after 12 h was
not assimilated as an intact amino acid.

To evaluate this idea, we regressed molar excess
13C against molar excess '°N in fine roots for each
sampling period (Nasholm and others 1998). This
calculation allowed us to determine how fine-root
13C and '°N from each sampling period compared to
the 2:1 C:N injection ratio that was administered to
soils receiving the doubly labeled glycine treatment

-25.5 7

-26.5

Fine root 6%C

-27.5 7

-28.5 7

\ T \ T
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Figure 5. Change in 8 '*>C values of the fine-rootcarbon
pool over time. This figure is provided to show treatment
effects at a finer resolution. ® = labeled ammonium
treatment ('>NH," + '’>C-glycine); m = doubly labeled
glycine treatment ('*NH," + '’C'°N-glycine); A =
deionized water. Data are means * 1 standard error of
the mean.

(Figure 6). Our data demonstrate an enrichment of
13C in excess of the 2:1 ratio within fine-root bio-
mass for the first 2 hours of the experiment, after
which fine-root '>C enrichment began to decline,
indicating an excess of '°N relative to '*>C in roots
from subsequent time periods. Slopes for all time
periods except 12 h are significantly different from
a 2:1 ratio.

DiscussioN

To date, much of the research in these balsam pop-
lar stands concerning soil N has focused on the
conventional pathways of nutrient acquisition by
plants—namely, mineralization and nitrification
(Klingensmith and Van Cleve 1993; Van Cleve and
others 1993b). Yet we know that these traditional
pathways cannot account for all of the N absorbed
by plants in floodplain balsam poplar stands. Using
the sum of mineralization, fixation, and precipita-
tion inputs of N to estimate apparent N uptake in
balsam poplar, Ruess and others (1996) determined
that apparent plant uptake values would have to be
increased threefold to account for fine-root produc-
tion in these stands. Herein we discuss the hypoth-
esis that part of the unexplained N in balsam poplar
biomass can be explained by direct uptake of or-
ganic N.

In our experiment, microbial biomass accounted
for the largest biologically active fraction of labeled
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Figure 6. The relationship between excess >C (uMol)
and excess '°N (wMol) in fine roots at all time periods.
Data are from the doubly labeled glycine treatment only.
Units are per gram dry weight. Sampling periods are
plotted above their respective regression lines. Slopes and
adjusted R* values for each regression are as follows: @,
45min (s = 3.44, R?;; = 62.4); O, 2 h (s = 3.13, R2,; =
61.1); A, 12 h (s = 2.00, R?,4; = 82.6); A, 24 h (s = 1.54,
R%,q = 62.6); m, 168 h (s = 1.30, R, = 88.3); [, 336
h (s = 0.98, R?,4; = 82.5). The dotted line represents the
2:1 injection ratio of C:N administered with the doubly
labeled glycine treatment.

N. In the first 24 h of sampling, we recovered up to
65% of the >N we injected as ammonium within
the microbial N pool. Perhaps of equal interest,
however, over 50% of the '’N administered as gly-
cine was also recovered within this pool over the
same time period. This is not surprising in light of
recent work examining amino acid N turnover rates
in soils from taiga ecosystems (Jones and Kielland
2002). In a study of 10 contrasting soil types, Jones
(1999) used a cocktail of 15 different '*C-labeled
amino acids in an incubation experiment designed
to assess the effects of soil type, depth, and temper-
ature on the decomposition rates of these N sources
by soil microbial populations. Their results suggest
that amino acid uptake and assimilation in soils is a
very rapid process, with half-lives ranging from 1 to
12 h depending on the soil type and temperature.
Other '°N tracer studies have reported rates and
magnitudes of microbial N immobilization similar
to our own (Jackson and others 1989; Schimel and
Chapin 1996; Zogg and others 2000). Zak and oth-
ers (1990) found that microbial immobilization of N
in a northern hardwood forest in early spring was
an order of magnitude higher than plant uptake.
They concluded that microbial N retention could
actually reduce the potential for N losses from this

system at a time when N export is at a maximum
prior to overstory development.

The fluctuations of microbial N over the initial
24 h of the experiment could reflect microbial me-
tabolism of absorbed amino acids. In the case of
glycine, for example, microbes may be assimilating
the amino acid, stripping N from the carbon skele-
ton and excreting excess N (Barraclough 1997).
Some of the C could be used for microbial biosyn-
thesis. However, during a companion experiment
conducted in floodplain white spruce stands, we
measured a rapid pulse of >CO, prior to extracting
cores treated with labeled glycine (J. W. McFarland
unpublished). Most likely, a significant amount of
the assimilated glycine in our balsam poplar soils is
used as an energy source. The fact that we observed
a decrease in the recovery of '*C within the bulk
soil pool supports this hypothesis. Across all stands,
%"'>C recovered in the bulk soil pool dropped from
almost 50% to just over 20% 2 weeks after injec-
tion. Although our evidence is largely circumstan-
tial, we suspect that a large portion of the missing
13C was respired.

The idea that microbes are mining DON for car-
bon could explain the '°N results that we see in the
glycine treatment. However, since microbial '°N
values vary more or less conjointly over time for
both the ammonium and glycine treatments, it sug-
gests that microbes are also utilizing N and could be
both N and C limited. If microbial growth were
limited only by N, this would help explain the rapid
immobilization of N observed in both treatments
within the first two sampling periods. However, if
organisms were also energy limited, the addition of
N could stimulate microbial activity to a point
where labile soil C is temporarily exhausted. Some
of the immobilized '°N might be used in enzyme
synthesis and then released as extracellular en-
zymes to decompose more recalcitrant organic sub-
strates for C acquisition. This would account for the
temporary decline in microbial biomass '°N recov-
ery for both treatments after 12 h, since consistent
recovery of >N in the bulk soil pool at this sampling
period confirms that the label is not leaving the soil
matrix. The idea that our N additions stimulated
microbial growth to the point of C limitation also
suggests that our tracer additions were of sufficient
quantity to induce a fertilization effect. We did wit-
ness significantly higher values for MBN in labeled
cores versus control cores; however, when calcu-
lated on a mass basis, our N additions for each
treatment represented no more than 8% of the
MBN pool. If our N additions resulted in a signifi-
cant fertilization effect on soil microorganisms, we
would anticipate some fluctuation of MBN during
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the initial stages of the experiment as new genera-
tions of microbes adjusted to the altered C:N bal-
ance in the soil. Since we observed no significant
change in MBN over time for any treatment, we
believe that our '°N results reflect more of a natural
cycling of N into and out of the pool than a fluctu-
ation of pool size brought about by fertilization.

Regardless, we can say with certainty that the
flux of glycine- and ammonium-derived N into and
out of this pool is rapid. Yet the ultimate fate of the
label once it is released from the microbial pool is
still unclear. Two observations indicate that most of
the label lost from the microbial and soluble N pools
is eventually incorporated into a more recalcitrant
pool of soil N (Perakis and Hedin 2001). First, all
three of our extractable N pools showed a decline in
5N at the end of our sampling regime. Second,
analysis of the "N content of the bulk soil revealed
no significant change over time for either treat-
ment. Finally, other researchers working in boreal
forest ecosystems have found a similar relationship
between the '°N content of soil biota and the
amount of label retained within the soil’s organic
profile (for example, see Nasholm and others 1998).

Clearly, not all of the label was retained within
the soil organic complex. A portion was taken up by
roots, both directly and following release from the
microbial pool. Overall plant '°N uptake during the
course of the experiment was low (less than 2%
recovery) in comparison to uptake by microorgan-
isms (12%-64% recovery), but it was the only pool
that was increasing in enrichment after 14 days.
Moreover short-term uptake patterns show that to
a limited extent plants can compete directly for
amino acid N. Our results suggest that 75% of the
13C acquired by fine roots occurred within the first
24 h. In our regression analysis relating excess '>C
to excess '°N, slopes from the first and second sam-
pling periods are greater than 2, indicating an en-
richment of '°C to '°N that exceeds the injection
ratio. Slopes from subsequent sampling periods re-
flect a decrease in excess '>C concomitant with a
rise in excess '°N. It seems that in the initial hours
of the experiment, fine roots competed directly for
amino acid N, taking up the doubly labeled amino
acid intact. After 12 h, however, given the rapidity
with which >N was immobilized within the MBN
pool, it is possible that our additions of glycine were
exhausted. Since fine-root '°’N continued to in-
crease throughout subsequent sampling periods,
plants must have begun assimilating N released
from microbial or mycorrhizal mineralization of
glycine.

Our values for '*C and '°N content of roots are
based on analysis of the solid fraction of fine-root

biomass (less than 1 mm diameter) only. We did
not measure the 8 '°C or '°N of materials that were
transported out of fine roots to the rest of the plant.
Consequently, the plants may have absorbed more
of the applied N tracers than is directly evident from
our data. It is reasonable to assume that plants are
translocating part of the N taken up by fine roots to
aboveground tissues. If '°>N were translocated and
13C remained in the root as part of a structural or
metabolic C pool (that is, ectomycorrhizae within
the root), this would explain why we observed an
excess enrichment of '>C in the fine-root C pool for
the first two sampling periods. It would also indi-
cate that our original analyses underestimated plant
N uptake. To test this idea, we estimated what
cumulative uptake could have been had plant N
uptake been relatively constant for the duration of
the experiment, regardless of N form, and translo-
cation of N to other parts of the plant were taking
place. Multiplying an average uptake rate calcu-
lated from the first two sampling periods by 336 h
yields total plant uptake for the entire experiment.
For both treatments, plant recovery of '’N increases
from just under 2% to just over 29%. These esti-
mations are purely speculative; however, they do
suggest an upper limit for the quantity of '°N that
could have been transported aboveground.

Several processes could contribute to the low re-
covery of '’N in fine-root tissue during the course
of our experiment. Virtually all of the balsam poplar
fine roots in each of our stands are colonized by
some type of ectoycorrhizal fungus (Table 1) (Lan-
sing unpublished). These fungi have demonstrated
some capacity to hydrolyze proteins to sequester N
(Abuzinadah and others 1986; Abuzinadah and
Read 1986); however, proteolytic degradation is
strongly influenced by soil pH. The optimum pH
range for proteolytic activity for many of these
fungi is between 3.0 and 4.5 (Read 1991; but see
Dahne and others 1995). In an experiment where
soil alkalinity was augmented through liming, re-
searchers found that uptake of N by mycorrhizal
plants was reduced with increasing soil pH regard-
less of whether the N source was lyophilized fungal
tissue or ammonium (Anderson and others 1997).
Due to the alkalinity of the soils along the Tanana
floodplain (Van Cleve and others 1993a), it is pos-
sible that the mycorrhizal fungi in these forests are
confronted with a suboptimal environment for pro-
teolytic degradation and subsequent immobiliza-
tion of organic N. In these N-limited soils, saprotro-
phic fungi and other soil microorganisms may be
the superior competitors for nutrients.

Given the ubiquitous nature of ectomycorrhizal
hyphae in these stands, a more likely explanation
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for the low recovery of '°N in the fine-root pool is
N retention within the hyphal network (Aber and
others 1998). Although it is widely accepted that
the mutalistic association between host and myco-
biont acts to facilitate the host’s ability to acquire
nutrients, many of the details concerning the nu-
tritional requirements of mycorrhizal fungi in nat-
ural ecosystems remain unknown. For example, it
has been demonstrated in Scots pine (Pinus sylves-
tris) seedlings that up to 32% of the N assimilated
by the fungal symbiont was retained within the
external mycelium despite the fact that this tissue
represented less than 16% of the total fungal bio-
mass (Colpaert and others 1996). Labeled N that is
diverted to extramatrical mycelial growth instead of
being assimilated by the host plant would explain
both the low accumulation of '°N in fine roots and
the high retention of '°N in bulk soil samples. Since
we made no effort to retain extramatrical fungal
biomass in our processing of roots, the only fungal
tissue likely to remain prior to isotopic analysis of
the fine-root biomass would be a portion of the
mantle surrounding each root tip and the tissue
within the root. Thus, external hyphal biomass
could represent an ecologically important yet un-
quantified sink for N in floodplain soils.

CONCLUSION

In our study, we used a relatively simple tracer
technique to follow the fate of ammonium and
glycine labeled with '*N through soil and root pools
in a floodplain balsam poplar stand. In the short
term (under 12 h), plants competed directly for
amino acid N, as evidenced by the rapid enrichment
of fine-root '>C. It is impossible, however, to assess
long-term patterns for fine-root uptake of amino
acids using our experimental design, given the high
turnover rates of amino acids within these flood-
plain soils (Jones and Kielland 2002). The label we
introduced to both ammonium- and glycine-
amended soils appeared to be rapidly immobilized
and transformed by microbes. Plants accounted for
only a small fraction of the total '°N recovered; the
vast majority of applied N remained in the soil
matrix at the end of the experiment. This implies
that soil microorganisms play an important role in
N cycling processes, both as mediators of N avail-
ability to plants and as regulators for ecosystem N
retention.

Although plants were poor competitors with mi-
crobes in the short-term competition for soil N,
plants are long-lived compared to soil microorgan-
isms and could capitalize on the continuous turn-
over of these substrates by sequestering some of the

products of short-term N fluxes. The steady increase
of "N in our fine-root biomass supports this idea.
Moreover, because we were not able to detect any
difference in fine-root '’N values between the am-
monium and glycine treatment at the outset of the
experiment, we believe that intact amino acids
could prove to be a significant fraction of fine-root
N uptake in these stands. Over the course of a
growing season, such a strategy could result in a
significant portion of soil organic N being fixed in
above- and belowground plant tissue.

ACKNOWLEDGMENTS

We thank Lola Oliver and Tim Quintal of the Forest
Soils Laboratory at the University of Alaska, Fair-
banks, for their advice and the use of their facilities.
We also thank Jeffrey Farmer for his extraordinary
efforts in the field. Terry Chapin, Kurt Pregitzer,
Ron Hendrick, Josh Schimel, and two anonymous
reviewers greatly improved the quality of this
manuscript with their comments. This research was
supported through grants from the University of
Alaska’s Center for Global Change, the National
Science Foundation’s Ecosystem program (grant
DEB 966537), the Bonanza Creek LTER program,
and USDA NRICGP 99-35101-7859.

REFERENCES

Aber J, McDowell W, Nadelhoffer, Magill A, Berntson G, Ka-
makea M, McNulty S, Currie W, Rustad L, Fernandez I. 1998
Nitrogen saturation in temperate forest ecosystems: hypothe-
ses revisited. BioScience 48:921-33.

Abuzinadah RA, Finlay RD, Read DJ. 1986. The role of proteins
in the nitrogen nutrition of ectomycorrhizal plants. II. Utiliza-
tion of protein by mycorrhizal plants of Pinus contorta. New
Phytol 103:495-506.

Abuzinadah RA, Read DJ. 1986. The role of proteins in the
nitrogen nutrition of ectomycorrhizal plants. I. Utilization of
peptides and proteins by ectomycorrhizal fungi. New Phytol
103:481-93.

Andersson S, Ek H, Soderstrom B. 1997. Effects of liming on the
uptake of organic and inorganic nitrogen by mycorrhizal (Pax-
illus involutus) and non-mycorrhizal Pinus sylvestris plants. New
Phytol 135:763-71.

Barraclough D. 1997. The direct or mit route for nitrogen im-
mobilization: a 15N mirror image study with leucine and
glycine. Soil Biol Biochem 29:101-8.

Bremner JM, Mulvaney CS. 1982. Nitrogen—total. In: Page AL,
editor. Methods of soil analysis. Part 2. Chemical and micro-
biological properties. Madison (WI):American Society of
Agronomy. p 595-622.

Brookes PC, Landman A, Pruden G, Jenkinson DS. 1985. Chlo-
roform fumigation and the release of soil nitrogen: a rapid
direct extraction method to measure microbial biomass nitro-
gen in soil. Soil Biol Biochem 17:837-42.

Chapin FS III, Fetcher N, Kielland K, Everett KR, Linkins AE.
1988. Productivity and nutrient cycling of Alaskan tundra:
enhancement by flowing soil water. Ecology 69:693-702.



Cycling Dynamics of NH," and Amino Acid N 787

Chapin FS III, Moilanen L, Kielland K. 1993. Preferential use of
organic nitrogen for growth by a nonmycorrhizal arctic sedge.
Nature 631:150-3.

Colpaert JV, Van Laere A, van Assche JA. 1996. Carbon and
nitrogen allocation in ectomycorrhizal and non-mycorrhizal
Pinus sylvestris L. seedlings. Tree Physiol 16:787-93.

Dahne J, Klingelhofer M, Ott M, Rothe GM. 1995. Liming in-
duced stimulation of the amino acid metabolism in mycorrhi-
zal roots of Norway spruce (Picea abies [L.] Karst.). Plant Soil
173:67-77.

Finlay RD, Frostegard A, Sonnerfelt 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 Phytol 120:105-15.

Giblin AE, Nadelhoffer KJ, Shaver GR, Laundre JA, McKerrow
AJ. 1991. Biogeochemical diversity along a riverside topose-
quence in arctic Alaska. Ecol Monogr 61:415-35.

Hart SC, Firestone MK, Paul EA, Smith JL. 1993. Flow and fate
of soil nitrogen in an annual grassland and a young mixed-
conifer forest. Soil Biol Biochem 25:431-42.

Jackson LE, Schimel JP, Firestone MK. 1989. Short-term parti-
tioning of ammonium and nitrate between plants and mi-
crobes in an annual grassland. Soil Biol Biochem 21:409-15.

Jones DL. 1999. Amino acid biodegradation and its potential
effects on organic nitrogen capture by plants. Soil Biol Bio-
chem 31:613-22.

Jones DL, Kielland K. 2002. Soil amino acid turnover dominates
the nitrogen flux in permafrost-dominated taiga forest soils.
Soil Biol Biochem 34:209-19.

Keeney DR, Nelson DW. 1982. Nitrogen—inorganic forms. In:
Page AL, Miller RH, Keeney DR, editors. Methods of soil
analysis. Part 2. Chemical and microbiological properties. 2nd
ed. Madison (WI): American Society of Agronomy. p 643-98.

Khan SA, Mulvaney RL, Mulvaney CS. 1997. Accelerated diffu-
sion methods for inorganic-nitrogen analysis of soil extracts
and water. Soil Sci Soc Am J 61:936-42.

Kielland K. 1994. Amino acid absorption by arctic plants: impli-
cations for plant nutrition and nitrogen cycling. Ecology 75:
2373-83.

Kielland K. 1995. Landscape patterns of free amino acids in arctic
tundra soils. Biogeochemistry 31:85-98.

Kielland K. 1997. Role of free amino acids in the nitrogen
economy of arctic cryptograms. Ecoscience 4:75-9.

Klingensmith KM, Van Cleve K. 1993. Patterns of nitrogen min-
eralization and nitrification in floodplain successional soils
along the Tanana River, interior Alaska. Can J For Res 23:
964-9.

Lipson DA, Monson RK. 1998. Plant-microbe competition for
soil amino acids in the alpine tundra: effects of free-thaw and
dry-rewet events. Oecologia 113:406-14.

Marion GM, Van Cleve K, Dryness CT, Black CH. 1993. The soil
chemical environment along a forest primary successional se-
quence on the Tanana River floodplain, interior Alaska. Can J
For Res 23:914-22.

Melillo JM, McGuire AD, Kicklighter DW, Moore B III, Vor-
osmarty CJ, Schloss AL. 1993. Global climate change and
terrestrial net primary production. Nature 363:234-40.

Michelsen A, Quarmby C, Sleep D, Jonasson S. 1998. Vascular
plant 15N natural abundance in heath and forest tundra eco-
systems is closely correlated with presence and type of mycor-
rhizal fungi in roots. Oecologia 115:406-18.

Michelsen A, Schmidt IK, Jonasson S, Quarmby C, Sleep D.

1996. Leaf '°N abundance of subarctic plants provide field
evidence that ericoid, ectomycorrhizal and nonmycorrhizal
and arbuscular mycorrhizal species access different sources of
nitrogen. Oecologia 105:53-63.

Nasholm T, Ekblad A, Hogberg P. 1998. Boreal forest plants take
up organic nitrogen. Nature 392:914-7.

Nasholm T, Huss-Damell K, Hogberg P. 2000. Uptake of organic
nitrogen in the filed by four agriculturally important plant
species. Ecology 81:1155-61.

Perakis SS, Hedin LO. 2001. Fluxes and fates of nitrogen in soil
of an unpolluted old-growth temperate forest, southern Chile.
Ecology 82:2245-60.

Raab TK, Lipson DA, Monson RK. 1999. Soil amino acid utili-
zation among species of the cyperaceae: plant and soil pro-
cesses. Ecology 80:2408-19.

Read DJ. 1991. Mycorrhizas in ecosystems. Experientia 47:376—
91.

Ruess RW, Van Cleve K, Yarie J, Vierck LA. 1996. Contributions
of fine root production and turnover to the carbon and nitro-
gen cycling in the taiga forests of the Alaskan interior. Can J
For Res 26:1326-36.

Running SW, Hunt RE. 1993. Generalization of forest ecosystem
process model for other biomes, BIOME-BGC, and an appli-
cation for global-scale models. In: Ehleringer JR, Field CB,
editors. Scaling physiological processes: leaf to globe. San Di-
ego (CA): Academic Press. p 141-58.

Schimel JP, Chapin FS III. 1996. Tundra plant uptake of amino
acid and NH, " nitrogen in situ: plants compete well for amino
acid N. Ecology 77:2142-7.

Schimel JP, Van Cleve K, Cates RG, Clausen TP, Reichardt PB.
1996. Effects of balsam balsam poplar (Populus balsamifera)
tannins and low molecular weight phenolics on microbial
activity in taiga floodplain soil: implications for changes in N
cycling during succession. Can J Bot 74:84-90.

Schulten HR, Schnitzer M. 1998. The chemistry of soil organic
nitrogen: a review. Biol Fertil Soils 26:1-15.

Shaver GR, Nadelhoffer KJ, Giblin AE. 1991. Biogeochemical
diversity and element transport in a heterogeneous landscape,
the North Slope of Alaska. In: Quantitative methods in land-
scape ecology. New York: Springer-Verlag. p 105-26.

Stribley DP, Read DJ. 1980. The biology of mycorrhizae in the
Ericaceae. VIL The relationship between mycorrhizal infection
and the capacity to utilize simple and complex organic nitro-
gen sources. New Phytol 86:365-71.

Sugai SF, Schimel JP. 1993. Decomposition and biomass incor-
poration of '*C-labeled glucose and phenolics in taiga forest
floor: etfect of substrate quality, successional state, and season.
Soil Biol Biochem 25:1379-89.

Uliassi DD, Ruess RW. 2002. Limitations to symbiotic N fixation
in primary succession on the Tanana river floodplain, Alaska.
Ecology 83:88-103.

Van Cleve K, Dyness CT, Marion GM, Erickson R. 1993a. Control
of soil development on the Tanana River floodplain, interior
Alaska. Can J For Res 23:941-55.

Van Cleve K, Oliver L, Schlentner R, Viereck LA, Dyrness CT.
1983. Productivity and nutrient cycling in taiga forest ecosys-
tems. Can J For Res 13:747-66.

Van Cleve K, Yarie J, Erikson R, Dyrness CT. 1993b. Nitrogen
mineralization and nitrification in successional ecosystems on
the Tanana River floodplain, interior Alaska. Can J For Res
23:970-8.



788 J. W. McFarland and others

Viereck LA, Dyrness CT, Foote MJ. 1993. An overview of the
vegetation and soils of the floodplain ecosystems of the Tan-
ana River, interior Alaska. Can J For Res 23:889-98.

Walker LR. 1989. Soil nitrogen changes during primary succes-
sion on a floodplain in Alaska, USA. Arctic Alpine Res 21:
341-9.

Whitledge T, Malloy S, Patton C, Wirick C. 1981. Automated
nutrient analysis in seawater. Brookhaven National Labora-
tory Technical Report BNL-51398.

Yin X. 1992. Empirical relationships between temperature and
nitrogen availability across North American forests. Can J For
Res 22:707-12.

Zak DR, Groffman PM, Pregitzer KS, Christensen S, Tiedje JM.
1990. The vernal dam: plant-microbe competition for nitrogen
in northern hardwood forests. Ecology 71:651-6.

Zogg GP, Zak DR, Pregitzer KS, Burton AJ. 2000. Microbial
immobilization and the retention of anthropogenic nitrate in a
northern hardwood forest. Ecology 81:1858-66.



