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Abstract

Recent application of 15N pool dilution techniques has suggested that gross nitrate immobilization rates in temperate forest
soils with low N deposition may be signi®cantly greater than previously thought. In contrast, there are some data that suggest

forest soils, which have received high N-deposition, may not immobilize NO3
ÿ. Such studies do not include quanti®cation of the

relative importance of fast and slow immobilization of NO3
ÿ. We have examined the kinetics of NO3

ÿ immobilization in two
temperate forest soils exposed to a range of experimental N deposition. We found that the greatest potential for NO3

ÿ

immobilization in these soils was by a fast process of immobilization and only the hardwood forest with low (ambient) N

deposition showed any signi®cant slow NO3
ÿ immobilization (typically equated with microbial immobilization). High N

additions have resulted in the loss of the slow immobilization process and a reduction in the amount of fast immobilization. The
patterns of NO3

ÿ immobilization we report are important for two reasons. First, they demonstrate that immobilization of N,

which exhibits rapid kinetics, may play an important part in regulating the N retention capacity of forests in response to N
deposition. Second, they suggest that current models which include only the slower phase of N immobilization may be
inaccurate representations of N immobilization processes in soils. # 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

The deposition of nitrogen on terrestrial ecosystems
has the potential of altering patterns of productivity
and nutrient cycling, in many cases not for the better
(Aber et al., 1989, 1998; Wedin and Tilman, 1996).
Negative e�ects are increasingly linked to the pro-
duction, retention and loss of the mobile anion NO3

ÿ.
While di�erences in land use history and community
type appear to have strong e�ects on the sensitivity of
terrestrial ecosystems to N deposition (Aber et al.,
1995, 1998), the mechanisms of N retention which play
a crucial role in regulating this sensitivity are not well
understood. Studies in Europe and North America
have shown that long-term immobilization of N in
soils plays an essential role (Magill et al., 1997;
Tietema et al., 1998). Microbial immobilization

(Myrold and Tiedje, 1986; Paul and Clark, 1996) and

abiotic ®xation (Nommik and Vahtras, 1982; Schimel

and Firestone, 1989; Strickland et al., 1992; Vitousek

and Matson, 1985) of ammonium (NH4
+) in soils have

been well documented. While microbial immobilization

of NO3
ÿ has been documented (Davidson et al., 1992;

Stark and Hart, 1997), abiotic immobilization of the

nitrite formed during nitri®cation (via nitrosation reac-

tions) is the only known abiotic mechanism for NO3
ÿ

immobilization (Azhar et al., 1986) and its signi®cance

in the ®eld has not been demonstrated. Nonetheless,

NO3
ÿ may comprise half or more of the N deposited

on terrestrial ecosystems (Lovett, 1994) and may be

produced by nitri®cation in N enriched stands.

Rapid internal cycling rates of NO3
ÿ within soils rep-

resents a potentially important pathway for incorpor-

ation of NO3
ÿ into soil organic matter (SOM). Using

pool dilution methods, a growing number of studies in

forest ecosystems with low N deposition have docu-

mented high rates of gross nitri®cation and NO3
ÿ im-

mobilization, even though nitrate concentrations were
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low and net ¯uxes negligible (Davidson et al., 1992;
Hart et al., 1994a; Stark and Hart, 1997). A notable
exception to this pattern are some recent measure-
ments in soils from mesic coniferous forests in Europe
experiencing moderate to high rates of N deposition
where no signi®cant immobilization of NO3

ÿ was
observed (Tietema, 1998) and therefore no evidence of
sequestration of NO3

ÿ in soils. Together, these studies
suggest that forest conditions (as a�ected by N depo-
sition) may lead to signi®cant alterations in NO3

ÿ im-
mobilization.

However, neither of these groups of studies include
quanti®cation of the relative importance of fast and
slow immobilization of NO3

ÿ. There can be a rapid
phase of immobilization immediately following the ad-
dition of 15N tracers to soils (Davidson et al., 1991)
and standard methods remove this phase from charac-
terizations of immobilization kinetics (Hart et al.,
1994b). We present a detailed analysis of the kinetics
of NO3

ÿ immobilization in two temperate forests which
have received long-term (11 yr) of experimental N de-
position. Using these data we demonstrate the import-
ance of including fast kinetics of NO3

ÿ immobilization
when analyzing forest potential for total N retention,
the relative signi®cance of fast versus slow immobiliz-
ation processes and how these patterns are altered
with long-term N deposition.

2. Materials and methods

Our study took place within the experimental
chronic N deposition plots, which consist of a native
mixed hardwood and plantation pine forests, at the
Harvard Forest, Petersham, MA, USA (42830 ' N,
72810 ' W). Plots within each forest type have received
11 yr of continuous experimental N amendments of 0
(control), 5 (low) and 15 (high) g N mÿ2 yrÿ1 as
NH4NO3 (Aber et al., 1993; Magill et al., 1997) (in ad-
dition to a background N deposition rate of 0.8 g mÿ2

yrÿ1) (Ollinger et al., 1993). The two forest community
types have shown considerable di�erences in their re-
sponse to N deposition. The pine forest (dominated by
Pinus resinosa ) receiving 15 g N mÿ2 yrÿ1 is losing sig-
ni®cantly more NO3

ÿ through groundwater leaching
than the hardwood forest (dominated by Quercus velu-
tina, Q. rubra, Betula lenta, Acer rubrum and Fagus
grandifolia ) receiving the same experimental N amend-
ment. Neither forest is losing any NO3

ÿ via leaching in
the control stands.

We quanti®ed the dynamics of NO3
ÿ immobilization

at three di�erent times in September 1997, in the con-
trol and high N stands in each forest type. At each
time, we took a set of six cores per stand (24 cores per
collection). Cores were taken using sharpened PVC
pipes measuring 3 cm (inner diam) by 15 cm (long).

Each individual set of six cores were taken from a
single location, free of large tree roots and rocks, to
minimize variability between the cores. However, sets
of cores were taken from di�erent locations within
each experimental plot on di�erent days. To inject the
tracer, 4.8 ml of a 2.5 mM 98% 15N KNO3 solution
was injected into 5 of each set of 6 cores with 6 indi-
vidual injections using a 7.5 cm needle (three injections
from each side of the core).

Following injection of the tracer, cores were capped
and then placed within sand-®lled tubs, which were
buried just outside of the experimental plots. At ®xed
intervals of 0.25, 0.75, 2.75, 7.75 and 24 h following
the injection of the tracer, soil cores were harvested.
This sequence of sampling times was chosen to
increase the precision with which nitrate immobiliz-
ation could be separated into very rapid (<1 h) and
longer-term (<1 d) processes. Harvesting soil cores
consisted of extruding soil from the pipes, weighing it
and then homogenizing it. From the homogenized soil,
subsamples were taken for extraction in 2 M KCl
(1:10 soil wet weight to extract volume) and determi-
nation of gravimetric water content. KCl extracts were
placed on a shaker table for 24 h and then ®ltered.
NH4

+ and NO3
ÿ concentrations were measured using

standard colorimetric methods (Maynard and Kalra,
1993) and 15N±NO3

ÿ was measured using a di�usion
procedure (Sùrensen and Jensen, 1991) modi®ed to
achieve high recovery rates and thus accurate measure-
ment of 15N abundance (Sigman et al., 1997).
Determination of 15N abundance was performed using
a Europa Scienti®c ANCA-sl coupled to a model 20-
20 Stable Isotope Analyzer (Europa Scienti®c,
Vandalia, OH).

One of the most important methodologies now used
to characterize in situ gross N transformation rates is
the pool dilution method (Hart et al., 1994b), a simple
means of deriving gross production and consumption
of NH4

+ and NO3
ÿ. The method involves three steps:

(1) adding 15N enriched inorganic N (NH4
+ or NO3

ÿ)
to the soil; (2) estimating the amount of 15N enrich-
ment and pool size of the labeled pool at two times;
and (3) using an analytical solution of a zero-order
model (Hart et al., 1994b; Kirkham and Bartholomew,
1954) to derive gross N ¯ux rates. A critical assump-
tion within this approach is that actual N transform-
ation rates exhibit zero-order kinetics. The zero-order
kinetics of tracer loss can be described using a simple
exponential decay function:

r � ek �1�

where r is the fraction of 15N±NO3
ÿ remaining and k is

the rate constant for the immobilization process.
It has been well-documented that immediately fol-

lowing the addition of 15N tracers, a signi®cant
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Fig. 1. Kinetics of 15N±NO3
ÿ immobilization in ®eld-exposed, intact soil cores at the Harvard Forest. The curves drawn for each forest by N-de-

position combination are best-®t double exponential curve ®ts (Eq. (2)). Curve ®ts were performed on the raw data, not mean values for each

time point (n= 18 per curve ®t). Each point in the Fig. represents the mean of three replicate measurements (2one standard error of the mean).

A=Conifer forest soil. B=Hardwood forest soil.

amount of tracer is rapidly immobilized (Davidson et
al., 1991). Standard procedures for using 15N tracers
to quantify short-term internal cycling rates of N
attempt to remove this initial immobilization because
(1) it is thought to be the result of abiotic processes
and (2) subsequent dynamics of microbial immobiliz-
ation are assumed to follow zero order kinetics (Hart
et al., 1994b). We suggest that removing the initial
rapid phase of N immobilization from analyses of in-
ternal N cycling in soils may lead to an incomplete
understanding of the potential for N immobilization in
soils. Further, we demonstrate the utility of modeling
tracer both fast and slow kinetics of immobilization
using a double-exponential decay function:

r � Pae
kat � Pbekbt �2�

where r is the fraction of 15N±NO3
ÿ remaining; ka is

the rate constant for fast immobilization process; Pa is
the proportion of 15N±NO3

ÿ immobilized by the fast
process; kb is the rate constant for the slow immobiliz-
ation process; Pb is the proportion of 15N±NO3

ÿ im-
mobilized by the slow process (1ÿPa). Using this
double-exponential model, we demonstrate that it is
possible to quantify the magnitude, time-course and
relative signi®cance of both rapid and slow N immo-
bilization processes in soils.

3. Results

We observed strikingly di�erent dynamics for 15N±
NO3
ÿ immobilization in the di�erent forest soil types
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and in response to the N deposition treatment (Fig. 1),
with a large but variable fraction of added N immobi-
lized over the shortest measured periods. In the conifer
forest soil, 15N±NO3

ÿ was immobilized within 15±45
min following the injection of the tracer, correspond-
ing to a fast immobilization process (Fig. 1A). The
fraction of added 15NO3

ÿ immobilized varied from
34% in the High N stand to 62% in the control. In
the hardwood forest soil, approx. 50% of the 15N±
NO3
ÿ tracer was immobilized within 15 min of injec-

tion for soils from both the control and high N depo-
sition plots (Fig. 1B). For the high N deposition plot,
no additional 15N±NO3

ÿ was immobilized during the
remaining 24 h. In contrast, the control plot showed
slower but sustained 15N±NO3

ÿ immobilization over
the remaining 24 h.

We calculated gross NO3
ÿ immobilization and pro-

duction rates (Kirkham and Bartholomew, 1954), for
all periods starting from 0 to 7.75 h after injection and
running to 24 h (Fig. 2). The only period that yielded
estimates consistently greater than zero was from 0 to
24 h. However, the dynamics of 15N±NO3

ÿ immobiliz-
ation over this period do not follow zero order kinetics
(Fig. 1), but show clear evidence of two distinct pro-
cesses acting with di�erent rate constants. The only
gross ¯ux estimates for intervals starting at 0.25 h or
more after injection which were consistently greater
than zero were the gross immobilization rates in the
hardwood, control plot soil. The average gross NO3

ÿ

immobilization rate for the slow immobilization pro-
cess in the hardwood control plot soil was 125 mg
NO3
ÿ mÿ2 dÿ1, within the range reported by Stark and

Fig. 2. Gross NO3
ÿ immobilization (A) and nitri®cation (B) rates derived using standard pool dilution equations (Hart et al. 1994b). Gross ¯ux

rates were calculated separately over periods starting from 0 to 7.75 h after injection and running to 24 h after injection. For the 0±24 h interval,

the initial pool size measured in the core with no 15N±NO3
ÿ added and the amount of 15N±NO3

ÿ injected. Each bar represents the mean of three

replicate calculations, with each estimate derived from a single set of cores (2 one standard error of the mean). Flux estimates which were signi®-

cantly greater than zero (via a one-sided t-test) are indicated by � (P< 0.05) or $ (P< 0.10).
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Hart (1997) for a number of forests in the Western
US. We did not observe signi®cant gross NO3

ÿ pro-
duction rates in any of the soils we examined (Fig. 2).

4. Discussion

By examining the kinetics of 15N±NO3
ÿ immobiliz-

ation over 24 h, we have demonstrated that the great-
est potential for NO3

ÿ immobilization over this interval
in intact soil cores is by a fast process of immobiliz-
ation which occurs within 15 to 30 min of the N ad-
dition. In the conifer forest, this rapid immobilization
is the only signi®cant process of NO3

ÿ immobilization
and long-term, chronic additions of N have resulted in
a signi®cant reduction (nearly 50%) in the capacity of
these soils to immobilize NO3

ÿ. For the hardwood for-
est soil, rapid immobilization of NO3

ÿ was similar
regardless of the history of N deposition. However,
NO3
ÿ immobilization continued over the rest of the 24

h in the control stand, but not in the high N stand.
Therefore, in the hardwood forest N deposition has
also resulted in a large reduction (42%) in NO3

ÿ immo-
bilization over a 24 h, but for di�erent reasons than in
the conifer forest soil.

The relationship between the kinetics and amount of
15N tracer immobilization in our intact cores and aver-
age soil NO3

ÿ concentrations measured below the root-
ing zone (using tension lysimeters placed at a depth of
60 cm; Fig. 3;Magill et al., 1997), suggest that both the
slow and rapid processes of NO3

ÿ immobilization play
a critical role in regulating ecosystem NO3

ÿ mobility.
The linear correlation between NO3

ÿ immobilization
capacity for the slow (presumably microbial) phase

and lysimeter NO3
ÿ concentration is non-signi®cant

(P = 0.47; Fig. 3A), largely due to the three plots
which showed insigni®cant slow immobilization (Fig.
2A). These data suggest that the loss of the slow phase
of NO3

ÿ immobilization is a sensitive and critical pro-
cess regulating NO3

ÿ immobilization in ambient con-
ditions. It is only after this immobilization capacity is
absent that NO3

ÿ leaching starts. However, the three
plots which exhibited no slow phase of NO3

ÿ immobil-
ization showed large variations in lysimeter NO3

ÿ con-
centrations. This suggests that some other factor is
playing an important role in regulating NO3

ÿ retention
in soils following the loss of the slow phase of immo-
bilization. Including the amount of NO3

ÿ immobiliz-
ation during the initial rapid phase leads to a
signi®cant (P = 0.06), linear relationship between ly-
simeter NO3

ÿ concentrations and NO3
ÿ immobilization

potential measured within intact cores (Fig. 3B). From
these data we propose that the processes which com-
prise the rapid phase of immobilization play a critical
role in regulating NO3

ÿ retention in forest soils and
that these processes appear to be sensitive to long-term
N deposition once the more sensitive slow phase of im-
mobilization is lost.

Our results demonstrate that the fast immobilization
of NO3

ÿ added to forest soils can represent a signi®cant
pathway for NO3

ÿ immobilization and that this path-
way is sensitive to long-term N deposition. These
results, although preliminary, represent a novel hy-
pothesis regarding how soil processes may control the
sensitivity of terrestrial ecosystems to N saturation
(Aber et al., 1998). In addition, these data suggest the
importance of a rapid immobilization process which is
absent from the most widely used models of N cycling

Fig. 3. Relationship between amount of 15N±NO3
ÿ immobilized during the 24 h exposure illustrated in Fig. 1 and the average soil lysimeter NO3

ÿ

concentration (at a depth of 60 cm) during the previous year (1996; A. Magill, J.D. Aber and G. Berntson, unpub.). (A) Fraction of 15N±NO3
ÿ

tracer immobilized during the slow phase (estimated as rÿPa, where r is fraction immobilized after 24 h). (B) Fraction of 15N±NO3
ÿ tracer im-

mobilized during both slow and rapid phases. Error bars are a single standard error of the mean. The thick line is the best ®t linear relationship

between the two variables.
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in terrestrial ecosystems (e.g. Parton et al., 1988;
Rastetter et al., 1991; Townsend et al., 1996; Aber et
al., 1997).
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