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Abstract.

To determine the importance of microorganisms in regulating the retention

of anthropogenic NO;-, we followed the belowground fate and flow of >NO;~ in a mature
northern hardwood forest, dominated by Acer saccharum Marsh. Total recovery of added
BN (29.5 mg **N/m? as NaNO) in inorganic N, microbial immobilization in forest floor
and soil microbial biomass, soil organic matter, and root biomass pools (0—10 cm depth)
was 93% two hours following application of the *SNO,~ but rapidly dropped to ~29% within
one month, presumably due to movement of the isotope into other plant tissues or deeper
into soil. Microbial immobilization was initially (i.e., at 2 h) the largest sink for >NO;~
(21% in forest floor; 16% in soil microbial biomass). After one month, total *>N recovery
varied little (24—18%) throughout the remainder of the growing season, suggesting that the
major N transfers among pools occurred relatively rapidly. At the end of the four-month
experiment, the main fates of the >N label were in soil organic matter (7%), root biomass
(6%), and N immobilized in forest floor and soil microbial biomass (6%).

Temporal changes in the >N enrichment (atom % excess *N) of plant and soil pools
during the first month of the experiment indicated the dynamic nature of NO5~ cycling in
this forest. The N enrichment of soil microbial biomass and the forest floor significantly
increased two hours after isotope additions, suggesting rapid microbial immobilization of
NO;~. In contrast, the N enrichment of soil organic matter did not peak until day 1,
presumably because much of the added **>N cycled through microorgani sms before becoming
stabilized in soil organic matter, or it directly entered soil organic matter via physical
processes. Furthermore, the >N enrichment of root biomass (<0.5-mm diameter and 0.5~
2.0 mm diameter) was greatest between day 7 and day 28, following significant increases
in the >N enrichment of soil organic matter (day 1) and, more importantly, NH,* (day 2).
From these data we conclude that microorganisms are immediate, short-term sinks for
anthropogenic NO,~. Although the long-term fate of NO,;~ additions to this forest is likely
in soil organic matter and plants, the cycling of N through microorganisms appears to be
the major short-term factor influencing patterns of NO;~ retention in this ecosystem.

Key words:  belowground fate and flow of nitrate; microbial immobilization; nitrate, anthropo-
genic; nitrate retention and microbial pathways,; nitrogen deposition; nitrogen saturation; plant and

microbial competition for nitrogen; sugar maple (Acer saccharum).

INTRODUCTION

Human activities have significantly altered the global
nitrogen (N) cycle (Vitousek et al. 1997), resulting in
unprecedented rates of atmospheric N deposition in
forests throughout the northeastern United States and
Europe (Lovett and Kinsam 1990, Shannon and Sis-
terson 1992, Ollinger et al. 1993). Anthropogenic N
additions in excess of biotic demand, particularly as
NO,, can have negative effects on the functioning of
both terrestrial and aquatic ecosystems (i.e., N satu-
ration, sensu Agren and Bosatta 1988, Aber et al. 1989,
Aber 1992). For example, NO,~ leaching can cause soil
acidification and the export of nutrient cations, poten-
tially leading to declines in forest growth (Johnson et
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al. 1991, Aber 1992). Nitrate also isamajor contributor
to the eutrophication and acidification of associated
groundwater, streams, and lakes (Aber et al. 1989, Dris-
coll and VanDresen 1993). Because the growth of most
northern temperate trees appears to be N limited, plants
are thought to be important sinks for anthropogenic
NO;~ and may slow or halt the deleterious effects of
N deposition (Aber et al. 1989, Rastetter et al. 1991).
However, microbial assimilation of NO,~ also may be
a critical pathway for the retention of anthropogenic
NO;~ (Zak et al. 1990, Davidson et al. 1992, Stark and
Hart 1997).

Microorganisms could influence the fate and flow of
anthropogenic NO,~ additions directly through the ac-
cumulation of N in their biomass and indirectly viathe
cycling of NO,;~ through microbial cells. Numerous
studies have demonstrated a high capacity for NO;~
uptake by soil microorganisms (Jackson et al. 1989,
Schimel and Firestone 1989, Zak et al. 1990, Davidson
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et al. 1992, Stark and Hart 1997), presenting the pos-
sibility that the initial, short-term fate of anthropogenic
NO,;~ may bein microbial biomass. However, retention
of N in live, microbia biomass could only be an im-
portant, long-term sink for NO;~ if microbial biomass
is accruing. Thus, it is unlikely to be a major factor in
late-successional forests in which annual increases in
microbial biomass are small (Holmes and Zak 1994,
Stark and Hart 1997).

In mature northern hardwood forests, the initial flow
of anthropogenic NO,~ through microbial cells, and its
subsequent incorporation into soil organic matter or
uptake by plants, may be an important mechanism of
N retention. Previous work indicates that Acer sac-
charum Marsh. (sugar maple), a dominant overstory
tree in this ecosystem, appears to have a limited ca-
pacity for NO,~ uptake and satisfies much of its N
requirements through NH,* assimilation (Rothstein et
al 1996). Given that microorganisms in these forests
can rapidly assimilate NO;~ (Zak et al. 1990), microbes
could potentially out-compete the dominant overstory
trees for NO;~. Upon death of microbial cells, N pre-
viously assimilated as NO,;~ could enter soil organic
matter or be released as NH,* into soil solution. Thus,
the cycling of N through microorganisms could facil-
itate the retention of anthropogenic NO;~ by increasing
rates of N incorporation into soil organic matter or by
increasing the availability of NH,*, which is prefer-
entially used by sugar maple. Our objective was to
determine the importance of microbial immobilization
as a pathway for anthropogenic NO,~ retention in
northern hardwood forests. To accomplish this, we fol-
lowed the belowground fate and flow of *NO;-
throughout a single growing season in a sugar-maple-
dominated forest in northern Lower Michigan.

METHODS
Sudy site

Our study was conducted in a northern hardwood
forest in northern Lower Michigan, USA (45°33’ N,
84°51' W). The stand is ~84 yr of age and is dominated
by Acer saccharum Marsh. (basal area relative domi-
nance =87%). The Typic Haplorthod soil is sandy
(89.4%) and low in organic C (1.7%). Mean annual
precipitation is 830 mm, and mean annual air temper-
ature is 5.2°C (NOAA 1983). Net N mineralization for
the May—November growing season (0—10 cm depth)
is ~68 kg N/ha (calculated from Zogg et al. 1996), and
annual wet-plus-dry N deposition is ~9 kg N/ha (65%
as NO;-N; MacDonald et al. 1992). More detailed
floristic, edaphic, and climatic data for the stand are
reported elsewhere (Site 3in Pregitzer et al. 1992, Mac-
Donald et al. 1991, and MacDonald et al. 1992).

15NO;~ addition and field sampling

Three 9-m? plots were established within 100 m of
one another in early June 1997. We systematically ap-
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plied 29.5 mg *N/m? to each plot as a single addition
of N-enriched Na®*NO; (99.9%) dissolved in H,O (4
L/m?). The amount of NO;-N added to each plot was
similar to that entering the soil from amajor rain event.
Forest floor and belowground plant, microbial, and soil
pools were sampled one day prior to application of the
15N O, and at periodicintervalsthroughout the growing
season (i.e, 2 h,8h,1d,2d, 1wk, 2wk, 4wk, 6
wk, 8 wk, 11 wk, and 16 wk following **NO;~ addi-
tions). On each sampling date, surface litter (i.e., the
forest floor, Oi horizon) was collected from three ran-
dom 10 X 20 cm locations within each 9-m? plot. Fol-
lowing forest-floor collection, two soil samples were
excavated (from beneath each forest-floor sample) with
a polyvinyl chloride corer (5.4-cm inner diameter, 10-
cm depth) and composited; soil samples consisted of
both organic (Oe/Oa, 1-3 cm thick) and minera ho-
rizons (A + E, 7-9 cm thick). Soil cores were placed
on ice and transported to our laboratory at the Uni-
versity of Michigan Biological Station, allowing us to
begin processing samples within 0.5 h of field collec-
tion.

Laboratory analyses

Forest-floor samples were dried at 70°C for 48 h,
ground with a Wiley mill, and passed through a 2-mm-
mesh sieve. Live, non-woody roots (<2.0 mm in di-
ameter) were systematically removed from the soil
samples by hand and rinsed free of soil and organic
matter with deionized water. The roots were separated
by diameter class (very fine roots, <0.5 mm diameter;
fine roots, 0.5-2.0 mm diameter), dried at 70°C for 48
h, and ground with a mortar and pestle. The N con-
centration (in milligrams N per gram) and percentage
N of the forest floor, very fine roots, and fine roots
were determined by mass spectrometry (Integra CN
Carbon and Nitrogen Isotope Analyzer [Europa Sci-
entific, Vandalia, Ohio, USA]).

Soil NH,*-N and NO;-N were determined by ex-
tracting 15 g of soil with 25 mL of a2 mol/L solution
of KCI; the extract was subsequently stored at 5°C for
colorimetric determination of NH,* and NO,~ (Alpkem
300 Rapid Flow Analyzer [Alpkem Corporation, Wil-
sonville, Oregon, USA]). Chloroform-labile microbial
biomass N (hereafter referred to as‘* soil microbial bio-
mass’) was determined using a direct-extraction pro-
cedure (Brookes et al. 1985); 15 g of soil was imme-
diately extracted with 50 mL of 0.5 mol/L K,SO, and
a second 15-g subsample was similarly extracted after
6 d of CHCI, fumigation. K,SO, extracts were frozen,
digested, and later analyzed colorimetrically for NH,*.
Isotope in the NH,*-N, NO,;~-N, and microbial-N ex-
tracts was collected by diffusion (Brooks et al. 1989)
and percentage >N determined by mass spectrometry.
The remaining bulk soil was air-dried, ground in aroll-
er mill, and stored for determination of N concentration
and percentage >N by mass spectrometry; an additional
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15-g subsample was used to determine oven-dry masses
(105°C for 48 h).

Calculations and statistical analyses

On each sample date, the added >N recovered in
forest floor, very fine roots, fine roots, and extractable
NH,* and NO;~ (mg **N/m?) was determined by mul-
tiplying the N concentration of the pool (in milligrams
N per gram) by the mass of the component (in grams
per square centimeter; e.g., mass of the forest floor or
mass of soil to adepth of 10 cm) and its atom % excess
5N (i.e., measured percentage of >N minus natural
abundance of *N). The >N recovered in soil microbial
biomass was calculated as the difference in the SN
recovered in non-fumigated and fumigated soil sam-
ples; we did not use a correction factor in our estimate
of microbial >N. The N recovered in soil organic
matter was cal culated as the difference between the 1N
recovered in bulk soil and the >N recovered in soil
microbial biomass and extractable inorganic N (NH,*
and NO;). Recovery of added 5N is expressed on an
areal basis (in milligrams >N per square meter) and as
a percentage of the total added label (29.5 mg >N/m?).

The percentage >N of soil microbial biomass was
calculated as the difference in the total >N content (in
milligrams 5N per square meter) between non-fumi-
gated and fumigated extracts, divided by the difference
in N content (in milligrams N per square meter) be-
tween non-fumigated and fumigated extracts; no cor-
rection factor was used. The percentage **N of soil
organic matter was computed in a similar manner: the
total >N content of soil organic matter (milligrams >N
per square meter in bulk soil minus the **N in soil
microbial biomass and extractable inorganic-N pools)
was divided by the N content of soil organic matter
(milligrams N per square meter in bulk soil minus the
N in soil microbial biomass and extractable inorganic-
N pools).

For a given pool, differences in mean N concentra-
tion, percentage **N, and atom % excess >N among
sample dates were compared using one-way analyses
of variance (ANOVA) and Fisher’sleast significant dif-
ference (LSD) procedures. Differences in the mean re-
covery of added *N among pools and sample dates
were compared using a two-way ANOVA and Fishers
L SD procedure. Significance for all statistical analyses
was accepted at « = 0.05; tests were performed using
the SY STAT software package (Wilkinson 1993).

REsuLTS

Total recovery of >N was 93% 2 h after NO;~ ap-
plication, but recovery rapidly dropped to ~29% within
1 mo (Fig. 1). After 1 mo, >N recovery varied little
throughout the remainder of the experiment (24 to
18%). Only 28% of the label was recovered as inor-
ganic N (exclusively as NO;~) at 2 h, and recovery of
15N in the inorganic N pool was <1% after 2 wk. Four
months after addition of the isotope, the largest sinks
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for >N were soil organic matter (7% of added label,
Fig. 1), root biomass (6% of added label), and N im-
mobilized in soil microbial biomass and the forest floor
(6% of added |abel).

During the first 28 d of the experiment, when most
major changes in >N recovery occurred, the N con-
centration (milligrams N per gram) of plant and soil
pools remained relatively constant. There were no sig-
nificant differences (P < 0.05, ANOVA) among sample
dates in the N concentration of any measured pool,
except for NO,~ which increased immediately follow-
ing addition of the *\NO;~ (Table 1). However, extract-
able NO;~-N returned to pre-isotope addition levels
after 2 d. In contrast, there was considerable temporal
variability in the percentage **N of a given pool (Table
2). The percentage >N of forest floor and NO;~ sig-
nificantly increased (relative to natural abundance lev-
els) within 2 h of *>NO,~ additions and remained ele-
vated for 14 d. The percentage >N of soil microbial
biomass also was significantly higher than the natural
abundance 2 h following >N O, additions, but returned
to background levels within 8 h. The percentage >N
of soil organic matter, very fine roots, and fine roots
increased significantly after 1 d and remained consis-
tently high thereafter.

Two hours after isotope addition, the fate of N was
in NO;~ (8.4 = 1.1 mg **N/m? mean = 1 sg), soil
organic matter (8.2 = 3.6 mg N/m?), forest floor (6.1
+ 0.4 mg ®*N/m?), and soil microbial biomass (4.6 =
2.7 mg >N/m?) (Fig. 2A). After 28 d the added **N was
entirely absent from the NO;~ pool, had declined sig-
nificantly in soil organic matter (3.3 = 0.6 mg >N/m?)
and the forest floor (1.9 = 0.3 mg *>N/m?), and had
almost completely disappeared from soil microbial bio-
mass (0.4 = 0.1 mg >N/m?; Fig. 2A). Although almost
no >N was recovered in root biomass within 2 h, roots
were significant sinks for N by day 1 (very fine roots,
2.0 = 0.8 mg 5N/m?; fine roots, 0.3 = 0.1 mg *N/m?).
In addition, we recovered small but detectable amounts
of 5N as NH,* between day 1 and day 14. Forest floor
and soil microbial biomass were significantly greater
sinks for **N than were fine roots or very fine roots
during the first 2 d of the experiment; after 2 d there
were no significant differences in >N recovery among
root and microbial pools.

Given that there were no significant differences in
the N concentration of agiven pool among sample dates
(with the exception of NO;~), we used the appearance
of the N in the various pools (atom % excess *N) to
track the flow of the NO,~ among them (Fig. 2B). The
15N enrichment of forest floor and soil microbial bio-
mass reached their maximal levels simultaneously with
NO;-, significantly increasing the atom % excess >N
2 h after addition of **NO,~ (Table 2, Fig. 2B). The
atom % excess °N of soil organic matter did not peak
until day 1, followed by NH,*-N at day 2, and sub-
sequently fine root and very fine root biomass on days
7-28 (Table 2, Fig. 2B).
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Fic. 1. Total recovery of added **NO;~ in inorganic-N, microbial, soil-organic-matter, and root-biomass pools, throughout
the four-month growing season. See Methods: Calculations and statistical analysis for description of calculations.

DiscussioN
Fate of °NO,-

Microbial immobilization was the greatest sink for
BNO;- immediately following isotope addition (i.e., at
2 h). Assuming that *>N recovered in the forest floor
was assimilated by microorganisms, we estimate that
more than one third of the NO,;~ was initially con-
sumed by microbial immobilization (21% in forest
floor, 16% in soil microbial biomass). Immobilization
into soil microbial biomass could actually be much
greater, because we did not use a correction factor in
our calculation of biomass and the >N contained in this
pool. If we had used a correction factor of 0.68, as
recommended by Brookes et al. (1985), thiswould have
resulted in a 47% increase in the amount of isotope
contained in soil microbial biomass. Nonetheless, our
conservative estimates of microbial immobilization are
consistent with reports from several other studies in
which soil microorganisms assimilated 30—50% of add-
ed ®’NO,~ after 2 d (Jackson et al. 1989, Schimel and
Firestone 1989, Zak et al. 1990, Norton and Firestone
1996), and indicate that microorganisms were the larg-
est initial sink for added NO,~.

Soil organic matter also was amajor sink for >NO;".
Two hours following the addition of **NO;~, ~28% of

the label was recovered in soil organic matter. Move-
ment of ®*NO;~ into soil organic matter was likely fa-
cilitated by the turnover of microbial cells (see Flow
of NO;~, below), but it is also possible that other
mechanisms may be responsible for the incorporation
of **N into soil organic matter. For example, Davidson
et al. (1991) have argued that the almost immediate
disappearance of >N from inorganic N pools, charac-
teristic of pool-dilution studies, resulted from physical
processes in soil; they suggested that ~10% of the
1NO,;~ added in their study was incorporated into soil
organic matter via an undescribed abiological process.
The rapid incorporation of >N into non-microbial, re-
calcitrant pools also has been reported by others (e.g.,
Vitousek and Matson 1985, Strickland et al. 1992). We
concur with those who suggest that abiotic mechanisms
of N incorporation into soil organic matter could be an
important process influencing ecosystem N retention
(Johnson 1992, Magill et al. 1997). However, this re-
mains a poorly understood process.

The total amount of >N recovered in plant, micro-
bial, and soil pools was initially high (i.e., 93% at 2
h). After 4 mo, however, we recovered a much smaller
amount of the added label (i.e., 18%). Possible mech-
anisms of ®N loss throughout the course of the exper-
iment include denitrification, leaching into deeper soil
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TaBLE 1. Mass and nitrogen concentrations for inorganic-N, microbial, soil-organic-matter, and root-biomass pools during
the first 28 d of the experiment. Data are means with 1 se in parentheses.

N concentration (mgN/g)t
Time since addition of **N (d)

Masst
Pool (glcm?) Initial 0.08 0.33 1 2 7 14 28
Inorganic N
NO;-N 8.2438 0.0013  0.0016 0.0021* 0.0012 0.0011 0.0015 0.0013 0.0008
(0.0001) (0.0003) (0.0004) (0.0001) (0.0002) (0.0003) (0.0004) (0.0003)
NH,*-N 8.2438 0.0018  0.0012 0.0016 0.0011 0.0016 0.0027 0.0012 0.0008

(0.0006) (0.0004) (0.0005) (0.0002) (0.0010) (0.0013) (0.0003) (0.0001)
Microbial immobilization

Forest floor 0.0712] 18.7305 17.7764 17.6477 18.2595 19.4186 18.9544 19.1151 19.9228
(0.0023) (0.7390) (0.5762) (0.8298) (0.7226) (0.5185) (1.2508) (1.0908) (1.0558)

Soil microbial biomass 82438  0.0619 0.0709  0.0714  0.0857 0.0617 0.0748 0.0631  0.0573
(0.0242) (0.0195) (0.0157) (0.0251) (0.0049) (0.0089) (0.0148) (0.0122)

Soil organic matter 8.2438  0.9287 1.2023  1.3699  0.9638 1.0065 1.0757 1.4370  1.0895
(0.1372) (0.0877) (0.0648) (0.0513) (0.0640) (0.0855) (0.2960) (0.3048)

Roots

Very fine roots 0.01061 18.0671 16.8574 17.1970 17.2138 16.8731 16.4128 17.6838 18.5000
(<0.5-mm diameter)  (0.0003) (0.3997) (0.5995) (0.3330) (0.2725) (0.2581) (0.7068) (0.5477) (0.5680)
Fine roots 0.00531 8.2823 9.4937 0.8854 11.1334 9.4423 097557 9.7474  9.8850

(0.5-2.0-mm diameter) (0.0005) (0.4870) (0.3326) (0.6547) (0.9771) (0.5801) (0.6066) (0.3152) (0.9994)

T N concentrations are the mean of three samples. For each pool, concentrations marked with an asterisk (*) differ sig-
nificantly from initial values (P < 0.05, ANOVA).

F Mass values were determined by averaging samples across the first month of the experiment (three plots for each of the
eight dates shown at right). There were no significant differences in mass for forest floor or root biomass pools during the
first 28 d of the experiment (P < 0.05, ANOVA; data not shown).

§ The mass for soil pools is the bulk density to a depth of 10 cm (i.e., bulk density in g/cm® multiplied by 10 cm). Value
was determined at the start of the experiment and assumed to be unchanging throughout the growing season; thus, no standard
error of the mean across sample dates is given.

|| The mass for the forest floor pool is the mass of surface litter.

9 The mass for below ground plant pools is the standing crop of roots to a depth of 10 cm.

horizons, and transport into other above- and below- northern hardwood ecosystem (Merrill and Zak 1992)
ground plant tissues. Although we did not measure de-  and thus likely represented a minor loss of N during
nitrification, the amount of N lost through this process our experiment. Declinesin *>N recovery are more like-
is low in the well-drained, sandy upland soil of this |y the result of leaching and plant uptake. Added >N

TABLE 2. Percentage **N of inorganic-N, microbial, soil-organic-matter and root-biomass pools during the first 28 d of the
experiment. Values are the means of three samples, with 1 se in parentheses.

Time since addition of *N (d)

Natural
Pool abundance 0.08 0.33 1 2 7 14 28
Inorganic N
NO;-N 0.3684 7.0121* 5.7019* 4.5886* 3.1512* 1.5088*  0.4981 0.4062
(0.0007) (0.4326) (0.9362) (1.8280) (0.9218) (0.4255) (0.0349) (0.0053)
NH,*-N 0.3680 0.3881 0.4101 0.4862* 0.5175* 0.4555* 0.4233 0.3963

(0.0008) (0.0020) (0.0118) (0.0265) (0.0243) (0.0061) (0.0205) (0.0092)
Microbial immobilization

Forest floor 0.3657  0.4031* 0.4012* 0.3991* 0.3971* 0.3852* 03794  0.3875
(0.0001) (0.0027) (0.0018) (0.0008) (0.0041) (0.0031) (0.0045) (0.0007)

Soil microbial biomass 0.3721  0.4430* 0.3907 0.3840 0.3848 03779  0.3746  0.3721
(0.0093) (0.0157) (0.0070) (0.0316) (0.0078) (0.0145) (0.0023) (0.0027)

Soil organic matter 0.3670  0.3693 03688  0.3727* 0.3725* 0.3713* 0.3705* 0.3712*

(0.0005) (0.0061) (0.0018) (0.0025) (0.0024) (0.0019) (0.0010) (0.0012)
Roots

Very fine roots (<0.5-mm) 0.3669  0.3789 04086  0.4627* 0.4676* 0.4937* 0.4487* 0.5123*
(0.001) (0.0028) (0.0069) (0.0411) (0.0488) (0.0243) (0.0353) (0.0487)
Fine roots (0.5-2.0-mm) 0.3669  0.3699  0.3875  0.4139* 0.4223* 0.4531* 0.4215* 0.4380*
(0.0001) (0.0004) (0.0032) (0.0055) (0.0091) (0.0172) (0.0189) (0.0146)

Note: For each pool, atom percentage N values marked with an asterisk (*) differ significantly from natural abundance
levels (P < 0.05, ANOVA).
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FiGc. 2.
biomass pools. Note that the time since addition of ®*NO;~ is

The short-term fate (A) and flow (B) of added >NO;~ in inorganic-N, microbial, soil-organic-matter and root-

plotted on a logarithmic scale (x-axis). (A) The fate of NO;~

additions was determined by estimating the recovery of added *>NO,~ (29.5 mg *>N/m?) in a given pool as described in the

Methods: Calculations and statistical analysis of the text. (B)
changes in the >N enrichment of each pool over time; relativ

The flow of NO;~ among pools was ascertained by observing
ized >N enrichments were calculated by dividing the atom %

excess ®N (APE **N) on each date (i.e., percentage >N minus natural abundance, from Table 2) by the maximum APE >N
for each pool. See Methods: Calculations and statistical analysis for description of calculations.

may have initially leached from soil as NO,;~, which
is very mobile in soil solution (as compared to NH,*),
or as dissolved organic nitrogen (DON) following cy-
cling through microbial biomass. Leaching losses could
be particularly great when soil water content is high.
For example, total >N recovery declined from 41% to

31% during a 1-wk period (day 7 to day 14) when 26%
of the growing-season precipitation was deposited.
Although leaching may have contributed to the de-
clinein ®N recovery over time, it isunlikely that |each-
ing can account for all of the unrecovered >N in our
experiment. For example, we observed a large decline
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in the recovery of N during the first week of the
experiment (from 93% to 41%), a period during which
<1% of growing season precipitation fell and leaching
losses were presumably minimal. Furthermore, data
from another NO,;~-addition experiment conducted in
the same forests, in which much larger amounts of
NO;~ were applied (30 kg N-ha *-yr-1), indicate that
<46% of added N is annually lost to NO;~ and DON
leaching (K.S. Pregitzer, unpublished data). We suggest
that plant uptake could account for much of the >N
that we were unable to recover. We have recently ini-
tiated a large-scale ecosystem *°N-labeling experiment
to address the issue of the long-term fate of anthro-
pogenic NO;~.

Assuming that the decline in >N recovery over the
course of the entire experiment (i.e., from 93% at 2 h
to 18% at 4 mo) is due to leaching and plant uptake,
and that <46% of the added label waslost dueto leach-
ing, we estimate that 29% or more of the added >N
could have been assimilated by plants. Results from
several other studies indicate that forest trees can be
major sinks for N, taking up 11-57% of experimental
1BNO,~ additions (Melin et al. 1983, Nadelhoffer et al.
1995, Buchman et al. 1996, Seely and Lajtha 1997).
We did not estimate >N recovery in stems, branches,
or leaves, in our experiment, because quantifying the
amount of label assimilated by overstory trees requires
the addition of isotope over areas of forest much larger
than the 9-m? plots used in our experiment. Nonethe-
less, the appearance of the >N in tree roots in our study
clearly indicates that plants were assimilating some of
the added *5N. Roots were initially a minor sink for
BNO;~ (i.e., <1% of the added label at 2 h); however,
15N recovery in roots significantly increased 1 d fol-
lowing isotope additions and remained relatively high
for the remainder of the growing season (6-9%). If N
assimilation by roots reflects incorporation into above-
ground tissues, then our results suggest that plants
could be an important sink for NO,;~ additions. More-
over, it appears that plant uptake may be an important
fate for NO,~ only after it has been metabolized by
microorganisms.

Flow of NO;-

Our data indicate that much of the ®*NO;~ cycled
rapidly through microorganisms before appearing in
soil organic matter and plant roots. Although recovery
of N fluctuated following addition of the label, after
4 wk there was little change in the recovery of *N
within a given pool (Fig. 1), suggesting that major N
transfers occurred within the first 28 d of the experi-
ment. Given that plant, microbial, and soil N pools (i.e.,
in milligrams N per square meter) varied little during
this period, we used the change in their *>N enrichment
to trace the flow of the isotope (Fig. 2B). For example,
an increase in the N enrichment of a given pool over
time indicates greater incorporation of the labeled N
into that pool. In contrast, adecrease in >N enrichment
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reflects adilution of the percentage >N due to an influx
of N (assuming limited effects of isotopic discrimi-
nation on N transfers among pools over time steps of
hours to days in our study). We suggest that the point
at which maximal enrichment for a given pool occurs
(i.e., greatest atom % excess *N) is an index of when
5N flow is greatest into that pool, and thus can be used
to follow the flow of ®N among microorganisms, soil
organic matter, and plants.

Initially, microorganisms appeared to out-compete
plant roots for **NO,;~. We found that the **N enrich-
ment of the forest floor and soil microbial biomass
exhibited a significant increase immediately following
15N, addition (i.e., at 2 h, Fig. 2B). Because this was
coincident with the peak in the >N enrichment of NO,~
in soil solution, we conclude that there was significant
microbial assimilation of NO;~. In contrast, the >N
enrichment of root biomass (fine roots and very fine
roots) did not significantly increase until 1 d later and
reached maximum levels on days 7 and 28 (Table 2,
Fig. 2B). We also found that N recovery in forest
floor and soil microbia biomass during the first 2 d of
the experiment was significantly greater than recovery
in very fine and fine root biomass (Fig. 2A), suggesting
that microbial immobilization was the largest, imme-
diate sink for anthropogenic NO;~. Even though we did
not quantify >N recovery in aboveground plant tissues,
the much higher rates of NO,~ uptake for microorgan-
isms than for plants (compare initial slopes for forest
floor and soil microbial biomass with roots, Fig. 2A)
further indicate that microorganisms were better com-
petitors for NO;~.

Although it is has often been assumed that hetero-
trophic microorganisms have only a limited capacity
for NO,~ uptake (Rice and Tiedje 1989, Drury et al.
1991), microbial assimilation of NO,;~ can be signifi-
cant in microsites where NH,* is absent (Schimel and
Firestone 1989, Davidson et al. 1990). For example,
high NO,~ immobilization rates have been previously
reported for soils in other mature forests (Zak et al.
1990, Davidson et al. 1992, Stark and Hart 1997). How-
ever, in those studies tree roots were excluded, making
it difficult to determine the relative importance of NO;~
uptake by roots and microorganisms. In the presence
of roots, several studies have demonstrated greater
NO,~ uptake by soil microorganisms than by herba-
ceous plants (Davidson et al. 1990, Zak et al. 1990,
Groffman et al. 1993). Our results indicate that micro-
organisms out-compete tree roots for NO;~ in an intact
plant—soil system.

Some of the N initially assimilated by microor-
ganisms as NO;~ likely entered the soil-organic-matter
pool following cell death. Estimates of microbial turn-
over from previous studies of forest soils range from
7 to 425 d (Davidson et al. 1992, Hart et al. 1994,
Holmes and Zak 1999). We did not directly measure
turnover rates of microbial >N in our study, but the
15N recovery in both soil microbial biomass and the
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forest floor declined significantly within the first 10 d
of the experiment (Fig. 2A), suggesting rapid move-
ment of immobilized >N through these pools. Simi-
larly, Seely and Lajtha (1997) concluded that a signif-
icant portion of NO,~ additions in pine and mixed-
hardwood forests cycled through microbial pools with-
in2—7 d. Additional evidencefor turnover of the >N O,~
initially immobilized by microorganisms comes from
the observation that the maximal >N enrichment of soil
organic matter (day 1) occurred following peaksin the
15N enrichment of forest floor and soil microbial bio-
mass (Fig. 2B). Although some >N likely became sta-
bilized in soil organic matter following microbial as-
similation and turnover, the gradual declinein total >N
recovery in the soil-organic-matter pool (after rela-
tively large recoveries immediately following addition
of the label), suggests rapid flow of >N through this
pool as well.

In our study, some of the **N cycling through mi-
croorganisms and soil organic matter appeared to be
mineralized as NH,* and subsequently taken up by
plants. Despite the fact that the total amount of >N
recovered in NH,* was never great, the added isotope
clearly was present as NH,* (Fig. 2A). The low amount
of N recovered as NH,* in our study does not nec-
essarily reflect the importance of this pool as a pathway
for the added **N, just as the pool size of NH,* (or
NO;7) is a poor indicator of gross N flux and turnover
rates (Davidson et al. 1990, Davidson et al. 1991). We
argue that significant increases in the atom % excess
N of NH,* between day 1 and day 7 indicate rapid
flow of N through this pool (Fig. 2B, Table 1). In
addition, the >N enrichment of fine roots and very fine
rootsincreased rather slowly and only reached maximal
values (at day 7 or day 28) following a significant
increase in the enrichment of NH,*, suggesting that
roots took up and assimilated **NH,*. This result is
similar to previous findings by Rothstein et al. (1996),
who observed a greater potential for NH,* uptake than
NO;~ uptake in sugar maple and is consistent with the
idea that late-successional species are better adapted
to NH,*-based economies (Kronzucker et al. 1997).

Our results demonstrate the dynamic nature of NO;~
cycling within this forest, as well as the importance of
microorganisms as a pathway for anthropogenic-NO;~
retention. Immobilization into soil microbial biomass
and the forest floor was the immediate but short-term
sink for added **NO,~. Subsequently, the rapid cycling
of NO;~ through microorganisms, following cell death
and turnover, facilitated N incorporation into more sta-
ble, long-term sinks. Although the ultimate fate of an-
thropogenic NO;~ additions to this northern hardwood
forest is likely in soil organic matter or plants, micro-
bial immobilization is a major factor influencing the
movement of NO;~ among belowground N pools, and
thus has the potential to influence long-term patterns
of N retention.

MICROBIAL PATHWAYS OF NO;~ RETENTION
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