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ABSTRACT
Nitrogen (N) inputs to many terrestrial ecosystems
are increasing, and most of these inputs are seques-
tered in soil organic matter within 1–3 years. Rapid
(minutes to days) immobilization focused previous
N retention research on actively cycling plant, mi-
crobial, and inorganic N pools. However, most eco-
system N resides in soil organic matter that is not
rapidly cycled. This large, stable soil N pool may be
an important sink for elevated N inputs. In this
study, we measured the capacity of grassland soils
to retain 15N in a pool that was not mineralized by
microorganisms during 1-year laboratory incuba-
tions (called “the stable pool”). We added two levels
(2.5 and 50 g N m�2) of 15NH4

� tracer to 60 field
plots on coarse- and fine-textured soils along a soil
carbon (C) gradient from Texas to Montana, USA.
We hypothesized that stable tracer 15N retention
and stable bulk soil (native � tracer) N pools would
be positively correlated with soil clay and C content
and stable soil C pools (C not respired during the

incubation). Two growing seasons after the 15N ad-
dition, soils (0- to 20-cm depth) contained 71% and
26% of the tracer added to low- and high-N treat-
ments, respectively. In both N treatments, 50% of
the tracer retained in soil was stable. Total soil C
(r2 � 0.72), stable soil C (r2 � 0.68), and soil clay
content (r2 � 0.27) were correlated with stable
bulk soil N pools, but not with stable 15N retention.
We conclude that on annual time scales, substantial
quantities of N are incorporated into stable organic
pools that are not readily susceptible to microbial
remineralization or subsequent plant uptake, leach-
ing losses, or gaseous losses. Stable N formation
may be an important pathway by which rapid soil N
immobilization translates into long-term N reten-
tion.
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INTRODUCTION

In 1977, Francis Clark reported a now classic field
15nitrogen (N) tracer experiment in a shortgrass
steppe ecosystem. The 5-year study led Clark
(1977) to two important conclusions: (a) Plants
were the dominant sink for the 15N, retaining 60 %
of the added nitrate; and (b) 15N incorporation into
stable humus was slow because the plant–microbe
N cycle was tight. Subsequent experiments in the

shortgrass steppe (Schimel and others 1986; Del-
gado and others 1996; Barrett and Burke 2002) and
in forests (Tietema and others 1998; Nadelhoffer
and others 1999b) have not corroborated Clark’s
first finding; plants have not been the dominant
sink for 15N in recent tracer studies. Clark’s second
conclusion has received much less attention. Are N
additions slowly incorporated into stable pools as
Clark’s (1977) data suggested?

Today, this question has increased relevance be-
cause human-derived N inputs have risen by 20%
since Clark’s paper was published (Galloway and
others 1995). If new N inputs are slowly (less than
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5 years) incorporated into stable organic matter,
then retained N will be susceptible to repeated mi-
crobial mineralization and associated leaching and
gaseous N losses. In contrast, if some N inputs are
quickly transferred into stable organic matter that is
not readily susceptible to microbial mineralization,
soils could sequester N for years to decades without
significant loss from the ecosystem; there are no
mechanisms for large annual losses of N in stable
organic matter (cultivation and erosion may be ex-
ceptions).

The rate and magnitude of stable N retention may
also have implications for stable carbon (C) seques-
tration in soils. Most mechanisms that promote sta-
ble N formation also stabilize soil C. For example,
organic N, NH4

�, and NO2
� can react directly with

soil organic C to form complex molecules (humus)
that are thermodynamically costly for heterotrophs
to decompose (Burge and Broadbent 1961; Nom-
mik and Vahtras 1982; Meyer 1994). Microbial N
turnover may catalyze humus-forming reactions or
directly assimilate N and C into stable tissues (He
and others 1988; Kaye and others 2002). Similarly,
fine-textured soils may promote stable N and C
formation by increasing aggregation (Tisdall and
Oades 1982; Strickland and others 1992; Hassink
and others 1993), NH4

� fixation in clay lattices (C is
not affected in this case) (Nommik and Vahtras
1982), or chemical interactions between organic N,
cations, and clay surfaces (Oades 1988; Sollins and
others 1996).

Recent 15N experiments have attempted to isolate
one or more of these N immobilization processes on
time scales ranging from minutes to years. Rapid
(minutes to hours), presumably abiotic immobiliza-
tion can account for up to 50% of the inorganic N
added to live and sterilized soils (Berntson and Aber
2000; Johnson and others 2000; Dial and others
2001; Perakis and Hedin 2001). A similar quantity
of N is immobilized by microbes in short-term
(hours to days) 15N experiments (Davidson and
others 1990; Stark and Hart 1997); however, mi-
crobial biomass tends to be a transient N sink, de-
clining significantly within days or weeks (Emmett
and Quarmby 1991; Seely and Lathja 1997; Zogg
and others 2000; Perakis and Hedin 2001). Long-
term (months to years) field 15N tracer studies show
that soil organic matter persists as the largest eco-
system sink for 15N (Preston and Mead 1994ba;
Buchmann and others 1996; Tietema and others
1998; Nadelhoffer and others 1999a, b). Although
these studies highlight soil organic matter as a ma-
jor sink for N, they do not differentiate between
labile and stable organic matter. To distinguish be-
tween recycling and stable N formation as mecha-

nisms of soil N retention, soil 15N must be parti-
tioned into labile and stable pools (Delgado and
others 1996; Chang and Preston 1998).

In this study, we used long-term laboratory incu-
bations to separate a 2-year-old 15N addition into
labile and stable pools. Our main goal was to esti-
mate the magnitude of 15N retention in stable soil
organic matter. The field 15N addition included two
levels of tracer N added to paired coarse- and fine-
textured soils along a latitudinal gradient in the
Great Plains (Barrett and Burke 2002). We ex-
ploited regional-scale gradients in texture and soil C
to address two secondary research questions: (a)
Does stable N retention increase in soils with higher
C content and finer texture? and conversely, (b) do
stable soil C pool sizes (C not respired during the
incubation) increase with increasing stable N reten-
tion or finer soil texture?

MATERIALS AND METHODS

Study Area

In the spring of 1996, five research sites were es-
tablished along a latitudinal gradient in the semiarid
region of the US Great Plains (Table 1). At each site,
distinct coarse- and fine-textured soil types were
identified. Mean annual air temperature decreased
and mean annual precipitation generally increased
(National Climate Data Center 1996) moving from
north (Montana) to south (Texas) along the gradi-
ent (Table 1). Soil C and N content varied greatly
among the sites depending on latitude and soil tex-
ture. The three southern sites are shortgrass steppe,
and the two northern sites are northern mixed
prairie (Dodd 1979; Epstein and others 1996).
Aboveground net primary production (ANPP)
based on simulation modeling and remote sensing
was 150–200 g C m�2 at all sites, although variabil-
ity arises from temporal fluctuations in precipita-
tion (Parton and others 1989; Sala and others 1988;
Burke and others 1997; Paruelo and others 1997).
The land-use history of all sites included domestic
grazing, but none of them were currently or previ-
ously cultivated. Ambient wet N deposition at all
sites was approximately 2 g N m�2 (National Atmo-
spheric Deposition Program 2000).

15N Additions

Two levels of 15N-labeled ammonium sulfate were
applied to three replicate 1.0-m2 plots located on
coarse- and fine-textured soils at each of the five
sites (total number of plots � 5 sites � 2 texture
classes � 2 N levels � 3 replicates � 60) (Table 1).
The date of 15N application at each site (Table 1)
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coincided with the start of the growing season (Pa-
ruelo and Lauenroth 1995), so plant N demand was
high and differences in plant phenology did not
confound initial 15N recovery (Barrett and Burke
2002). The two N addition levels were 2.5 g N m�2

(11.78 g of 11.1 atom% 15N � (NH4)2SO4) and
50.0g N m�2 (235.71 g of 1.8 atom% 15N �
(NH4)2SO4). The low-N treatment represents typi-
cal growing season plant N uptake for these sites
(Parton and others 1987; Burke and others 1997).
The high-N treatment was intended to overwhelm
N sinks to determine the N retention capacity of the
soil. Nitrogen was added in solution, simulating 0.3
cm of precipitation. Each plot was trenched to 0.3 m
and lined with aluminum skirting to minimize lat-
eral N transport. Wire cages (approximately 0.05-m
mesh) excluded large herbivores.

Soil Sampling and Laboratory Analyses

After two growing seasons (late August 1997), we
collected two cores (0.05 m in diameter and 0.2 m
deep) at random points within each plot. The cores
were composited, air-dried, weighed, and sieved (2
mm); a subsample was then ground on a ball mill.
Bulk density was estimated from the soil weight
and core volume. Total soil C and N were deter-
mined by dry combustion (LECO CHN-1000 ana-
lyzer; LECO, St. Joseph, MI, USA), and atom% 15N

was measured on an ANCA 2020 mass spectrome-
ter (Europa Scientific, Cincinnati, OH, USA).

We separated the total soil N pool into labile and
stable pools using long-term laboratory incubations
with repeated leaching (Stanford and Smith 1972).
Physical (Hassink and others 1993) and chemical
(He and others 1988) techniques can be used for
such fractionations, but we were specifically inter-
ested in determining whether added N was isolated
from the plant–microbe internal N cycle. Labora-
tory incubation is the only fractionation technique
in which N availability to microbes is directly esti-
mated (Robertson and Paul 1999).

A subsample (50 g air-dried) from each field
composite was incubated at optimal temperature
(35°C) (Campbell and others 1993; Drinkwater
and others 1996) in plastic filters (Nadelhoffer
1990) (Falcon Filter model 7111; Becton Dickin-
son Labware, Lincoln Park, NJ, USA). A glass
fiber filter (Whatman GF/A, Whatman Inc., Ann
Arbor, MI, USA), an “extra thick” glass fiber pre-
filter (Gelman Sciences, Ann Arbor, MI, USA),
and a layer of glass wool were placed beneath the
soil. A third glass fiber filter (Whatman GF/A,
Whatman, Inc., Ann Arbor, MI, USA) was placed
above the soil to prevent dispersion (Motavalli
and others 1995). The filter units were sealed in
airtight 2-L jars fitted with septa. Approximately

Table 1. Study Site Characteristics and Soil (0 to 20 cm) Properties

Site State USDA Soil
Classification

MAP
(cm)

MAT
(°C)

Sand
(%)

Silt
(%)

Clay
(%)

pH Organic C
(g C m�2)

Total N
(g N m�2)

Date 15N
Applied

Muleshoe National
Wildlife Refuge

TX Thermic
calciustoll

45 14.3 13 34 52 6.2 3180 320 3/18/96

Aridic
paleustalf

45 14.3 48 26 24 7.8 2290 255

Comanche National
Grasslands

CO Ustollic
haplargid

41 11.9 19 42 38 8.1 2750 282 5/14/96

Ustipsamment 41 11.9 53 27 20 7.5 2130 226
Pawnee National

Grasslands
CO Aridic

argiustoll
37 9.1 26 48 26 7.7 3030 337 5/11/96

Torripsamment 39 9.0 60 25 15 6.7 2440 266
Thunder Basin

National
WY Ustollic

paleargid
31 7.9 33 33 34 7.5 4260 324 5/09/96

Grassland Ustic
torriorthent

33 7.9 42 26 22 6.7 2110 194

Fort Keogh
Livestock and

MT Ustollic
haplargid

35 7.1 12 47 41 8.0 5530 353 4/30/96

Range Research
Laboratory

Ustollic
haplargid

35 7.1 64 21 15 7.9 4190 289

MAP, 30-y mean annual precipitation; MAT, 30-y mean annual temperature
Soil characteristics at each site include two rows of data for paired fine-textured (upper row) and coarse-textured (lower row) soils.
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20 ml of deionized water was placed in the bot-
tom of each jar to prevent soil drying. Every 2
weeks, this water was changed and the soil
brought to field capacity with deionized water.

To determine the labile N pool size, we leached
the soil at 1, 10, 26, 41, 62, 93, 120, 180, 235, 301,
and 363 days with a solution containing all essential
nutrients except N (Stanford and Smith 1972;
Nadelhoffer 1990). At each leaching, 100 ml of the
N-free leaching solution was added to the top of the
filter, allowed to equilibrate with the soil for 1 h,
and then drawn through the filter with a weak
vacuum (�0.05 MPa). The vacuum was applied
until leachate ceased to drip from the filter (less
than 10 min). Leachates were frozen until analysis
for NH4

� and (NO2
� � NO3

�) by flow injection
colorimetry and converted to g N m�2 using
leachate (plus soil water) volume, initial dry mass of
the incubated soil, and mean bulk density of the
two field cores. At the end of the incubation, a
subsample (20 g) of the residual soil was extracted
with 100 ml of 0.5 M K2SO4 to account for un-
leached inorganic N. We defined the labile N pool as
the sum of all inorganic N (NO2

� � NO3
� � NH4

�)
in leachates plus inorganic N extracted with K2SO4

immediately after the last leaching. Stable N was
defined as total N minus labile N.

We determined the atom% 15N of the leachate
(NH4

� and NO3
� combined) for each incubated soil

by compositing 5 ml of leachate from each sampling
date. The composite samples were diffused (Stark
and Hart 1996; Khan and others 1998) for 6 days in
120-ml plastic containers. Dvarda’s alloy converted
NO3

� in the samples to NH4
� and MgO raised the

pH, converting all NH4
� to NH3. The NH3 was col-

lected on two acidified (5 �l of 2.5 M KHSO4 per
disk) filter paper disks (Whatman no. #41) sealed in
Teflon tape. At the end of the diffusion, the acidi-
fied disks were dried over concentrated H2SO4 (24
h), stored in a desiccator, transferred to tin capsules,
and analyzed for 15N on the same instrument used
for soil 15N analyses. The atom% 15N of samples
was compared to 15N standards and corrected for N
in diffusion reagents using the pool dilution method
of Stark and Hart (1996). The mass of tracer N
residing in the labile pool was calculated using the
following equations:

No � Na � Nn (1)

Rearranging Nn � No � Na (2)

No*
15No � Na*

15Na � Nn*
15Nn (3)

(4) Substituting from Eq. (2)

Substituting from Eq. (2)

No*
15No � Na*

15Na � (No � Na)*15Nn

Rearranging

Na � (No*
15No � No*

15Nn)/(15Na � 15Nn) (5)

where No is the mass of labile N, Na is the mass of
the added N still in the labile pool, Nn is the mass of
labile native soil N, 15No is the atom % 15N enrich-
ment in the composite leachate sample, 15Nn is the
atom % 15N enrichment of the added N, and 15Na is
the atom% 15N enrichment of the native soil
(0.368% based on two samples per site). Similar
equations were used to calculate the mass of tracer
N in the soil prior to incubation. The amount of
tracer N in the stable pool was determined by sub-
tracting Na from the amount of tracer N in the soil
prior to incubation.

The labile C pool size was estimated by capturing
all carbon dioxide (CO2) in the headspace of the
incubation jars. Before the jars were sealed, they
were fanned with ambient air for 1 h to provide a
uniform background CO2 concentration. The jars
were sealed for periods from 2 days (beginning of
the incubation) to 3 weeks (end of the incubation),
after which the concentration of CO2 in the head-
space was determined using an infrared gas ana-
lyzer (LICOR-6200; LICOR, Lincoln, NE, USA). The
headspace was sampled by first mixing with a 35-ml
syringe and then sampling 2 ml with a 10-ml sy-
ringe. Ten sealed jars without soil were used as
blanks to correct for ambient CO2. Atmospheric
pressure, air temperature, jar volume, sampled gas
volume, dry soil mass, and bulk density were used
to convert headspace concentration to g C m�2.
Labile C was defined as the sum of all CO2-C re-
spired during the incubation. Stable C was defined
as total C minus labile C.

A three-way factorial analysis of variance
(ANOVA) was used to analyze effects of N level
(high and low), texture (coarse or fine), and site
(five sites in Table 1) on stable and labile soil N and
C pools. Simple and multiple linear regression iden-
tified correlations between soil N and C pools and
clay content. All hypotheses were tested at � �
0.05.

RESULTS

Bulk Soil N, and C Pools

Rates of N (leached) and C (respired) released from
the bulk soil (native � tracer) pool declined rapidly
during the first 100 days of the incubation and then
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remained constant for the last 200 days (Figure 1).
Nitrate accounted for more than 95% of the N
leached during the incubation (data not shown).
Fine-textured soils contained 20% more stable N
(P � 0.001) (Figure 2) and 30% more stable C
(P � 0.001); (Figure 3) than coarse-textured soils.
For labile N and C pools, there was a significant
site � texture interaction; all sites except Texas had
more labile N (P � 0.001) and C (P � 0.001) in
fine-textured soils. In Texas soils, texture did not
affect labile N pool sizes (P � 0.25), but coarse-
textured soils had more labile C than fine-textured
soils (P � 0.03). In both texture classes and at all
sites, labile and stable N and C did not differ be-
tween high (50 g N m�2) and low (2.5 g N m�2)
addition treatments (P � 0.46). About 80% of bulk
soil N was stable (Figure 4), and this percentage was
not affected by texture (P � 0.64) or N addition
level (P � 0.17). A smaller percentage of soil C was
stable in coarse-textured soils than in fine-textured
soils (P � 0.001) (Figure 4).

Although soil texture had a statistically signifi-
cant effect on bulk soil N and C pools when ana-
lyzed as a discrete variable, regional-scale correla-
tions between soil clay content and labile (r2 �
0.23) and stable (r2 � 0.27) N pool sizes were not
strong (Figure 5). Soil C content explained 49% of
the variability in labile N and 72% of the variability
in stable N (Figure 6). When both soil C and clay
were included in multiple regression models, clay
was not a significant (P � 0.79) predictor of N pool
sizes (data not shown). The ratio stable N:total N did
not correlate with clay (P � 0.79) or C (P � 0.72)
content (data not shown).

Stable soil C pools increased with stable N (r2 �
0.67) and soil clay content (r2 � 0.48) (Figure 7).
Labile C pool sizes were not correlated with clay
content (r2 � 0.02; P � 0.32), and the ratio stable
C:total C increased with increasing clay content
(stable C:total C � 0.66 � 0.4�(soil clay content);
r2 � 0.38; P � 0.001).

Tracer N Pools

Two growing seasons after the 15N addition, surface
soil (0–20 cm) tracer retention in the low N plots

Figure 1. Inorganic nitrogen (N) leached and carbon (C)
respired during long-term laboratory incubations of soils
from five Great Plains grasslands. Data are means and
standard errors across all soil texture and 15N addition
levels.

Figure 2. Pool sizes of labile and stable soil nitrogen (N)
in grassland soils. Left-hand graphs show bulk soil N
(native � tracer); right-hand graphs show 15N-labeled
tracer pools. Soils were collected 2 years after the tracer
addition. For tracer N pools, there were no significant
treatment effects. For the bulk soil, fine-textured soils
had more stable N (P � 0.001) for both high-N and
low-N additions. There was a significant site � texture
interaction for labile N pools; all sites had more (P �
0.001) labile N in fine-textured soils, except Texas (P �
0.25). Bars are means plus one standard error.
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was 1.8 � 0.6 g N m�2 (mean � standard deviation
[SD]), or approximately 71% of the 2.5 g N m�2

originally added. High-N plots contained 12.8 �
5.0 g N m�2 of tracer N, or 26% of the 50 g N m�2

originally added. For both N treatments, 50% of the
tracer retained in soil was stable, and soil texture
had no effect on either the amount (labile P �
0.14, stable P � 0.68) (Figure 2) or proportion
(P � 0.40) (Figure 4) of tracer N that was labile or
stable. Neither soil C nor clay content correlated
significantly with labile or stable tracer N pools or
the fraction of retained tracer N that was stable
(data not shown). The best predictor of the amount
of tracer N in the labile pool was the total amount of
tracer N in the soil after two growing seasons and
immediately prior to incubation (Figure 8).

DISCUSSION

The Magnitude of Stable 15N Retention

The labile and stable N pools that we isolated are
potentially retained by distinctly different path-
ways. Labile soil organic N is susceptible to micro-
bial mineralization and the potential leaching and
gaseous losses that accompany N mineralization.
Retention of this labile N depends on repeated,
efficient recycling of the mineralized N via immo-
bilization into plant, microbial, or abiotic sinks. The
stable pool, by definition, is less susceptible to mi-
crobial mineralization and subsequent leaching or
gaseous losses. On annual time scales, there are no
major loss vectors for stable organic matter in un-

Figure 3. Pool sizes of labile and stable soil carbon (C) in
grassland soils. Fine-textured soils had more stable C than
coarse-textured soils (P � 0.001). There was a signifi-
cant site � texture interaction for the labile pool; all sites
had more labile C in fine-textured soils except Texas,
which had more labile C in coarse-textured soils (P �
0.03). Bars are means and one standard error.

Figure 4. The percentage of total soil carbon (C) (left),
total soil nitrogen (N) (center), and retained 15N-labeled
tracer N (right) that was stable. Soils were collected 2
years after the tracer addition. Bulk soil pools had a
greater percentage of stable N than tracer pools (P �
0.001), and fine-textured soil had a greater percentage
stable C than coarse-textured soils (P � 0.001). Bars are
means and one standard error.

Figure 5. The relationship between the mass of clay-
sized soil particles and pool sizes of labile or stable bulk
soil (native � tracer) nitrogen (N). Symbols denote
whether data come from high or low tracer N addition
plots and whether the plot was considered coarse- or
fine-textured in ANOVA analyses (Figure 2).
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plowed soils, so this pool should represent a rela-
tively long-term sink for added N. Our incubations
show that stable 15N retention was substantial in
grassland soils; 2 years after the tracer was applied,
half of the retained N resided in the stable pool.

Our data are consistent with shorter incubation
experiments (Smith and others 1978; Preston 1982;
Smith and Power 1985; Chang and others 1997)
and with 15N tracer experiments using chemical
and physical organic matter fractionation tech-
niques (Stanford and others 1970; Delgado and oth-
ers 1996; Chang and Preston 1998; Barrett and
Burke 2002). In all cases, stable N accounted for
more than 40% of N retention on annual time
scales. Shorter 15N exposures (days to months) re-
sulted in a similar amount of stable N retention
(more than 40% of soil 15N) (Broadbent and Na-
kashima 1967; Chichester and others 1975; He and
others 1988; Strickland and others 1992; Chang

and Preston 1998); stable organic matter may be an
immediate and long-term sink for N.

Several less direct lines of evidence imply an im-
portant role for stable N retention. Bioassay (Jans-
son 1963; Preston and Mead 1994b; Chang and
others 1999) and field 15N tracer experiments (Pres-
ton and Mead 1994ab; Buchmann and others 1996;
Nadelhoffer and others 1999a) show that plants use
only a small fraction of fertilizer that has been in
soil for more than 6 months. Similarly, microbial
immobilization of inorganic 15N may be important
initially, but 15N retained in microbial biomass typ-
ically declines within several weeks of tracer appli-
cation (Emmett and Quarmby 1991; Seely and
Lathja 1997; Zogg and others 2000; Perakis and
Hedin 2001). Low 15N recovery in plants, declining

Figure 6. The relationship between soil carbon (C) con-
tent and pool sizes of labile or stable bulk soil (native �
tracer) nitrogen (N). Symbols denote whether data come
from high or low tracer N addition plots and whether the
plot was considered coarse- or fine-textured in ANOVA
analyses (Figure 2).

Figure 7. The relationship between the stable carbon (C)
pool size and the bulk soil (native � tracer) stable nitro-
gen (N) pool size (top) or the mass of clay sized soil
particles (bottom). Symbols denote whether data come
from high or low tracer N addition plots and whether the
plot was considered coarse- or fine-textured in ANOVA
analyses (Figure 2).
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recovery in microbes, and small N leaching losses
(Gundersen and Rasmussen 1995; Wright and oth-
ers 1995; Nadelhoffer and others 1999a, b; Aber
and others 1998) in conjunction suggest low remi-
neralization rates for N retained in organic matter
(Perakis and Hedin 2001; but see Preston and Mead
1994 a, b).

Texture and C Controls on Stable N
Pool Sizes

We hypothesized that stable bulk soil and tracer N
pools would be largest in soils with fine texture and
high C content. These hypotheses were corrobo-
rated by the bulk soil data; fine-textured soils con-
tained more stable N than coarse-textured soils

(Figure 2), and stable N pools were positively cor-
related with soil clay and C content (Figure 5 and
6). However, the hypothesis was not supported by
the 15N addition experiment; stable tracer N reten-
tion was not affected by soil texture or C content
(Figure 2). The best predictor of labile and stable
tracer N pool sizes was the total amount of tracer N
in the soil prior to the incubation (that is, soil tracer
N retention 2 years after the tracer was added)
(Figure 8). It is unclear why mechanisms that pro-
moted a wide range of soil N retention (Figure 8,
x-axes) did not affect the proportion of retained
tracer in stable pools.

Interestingly, our estimates of stable soil tracer
retention in the high N plots were correlated with
estimates of rapid abiotic N immobilization in the
same soils (r2 � 0.63; P � 0.01) (J. E. Barrett, J. P.
Kaye, D. W. Johnson, and I. C. Burke unpublished).
Abiotic immobilization in these soils did not corre-
late with soil C or texture (Barrett and others 2002),
and it is possible that the stable pools isolated in our
incubations result directly from abiotic immobiliza-
tion that occurred immediately after tracer addi-
tion. Repeated sampling of stable pool sizes over
minutes to years would be necessary to test this
hypothesis.

We know of no other regional-scale study of
texture and C controls on stable tracer N retention.
Regional and cross-site studies do reveal correla-
tions between total (labile plus stable) soil N reten-
tion and soil C, soil C:N ratios, or soil texture (Nohr-
stedt and others 1996; Emmett and others 1998;
Barrett 1999; Johnson and others 2000). Similar
results have been observed within individual sites.
In a coastal forest in Massachusetts, coarse sandy
soils with low C content retained less 15N than
loamy sands with higher C content (Seely and
Lathja 1997). The backslope position of a grassland
catena had less clay and soil C than a footslope
position, and the latter retained more 15N (Schimel
and others 1986) even 10 years after the application
(Delgado and others 1996). At the 10-year sam-
pling, 42% and 58% of the N retained in the foot-
slope and backslope soils, respectively, were in a
stable pool thought to turnover every 200 to 1500
years. In our study, the effects of clay and C content
on stable N retention may have been confounded
by differences in parent material, clay mineralogy,
C quality (that is, differences in humic compounds),
or field microbial activity among the sites (Barrett
and others 2002).

Texture and N Controls on Stable C Pools

The notion that fine-textured soils stabilize soil or-
ganic C is paradigmatic in grassland and agricultural

Figure 8. The relationship between the total amount of
15N-labeled tracer nitrogen (N) in the soil and the
amount of 15N-labeled tracer that was labile. Soils were
collected 2 years after plots received low (2.5 g N m�2)
and high (50 g N m�2) tracer N additions. Symbols
denote whether the plot was considered coarse-tex-
tured (Œ) or fine-textured (● ) in ANOVA analyses (see
Figure 2).
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ecology (Oades 1988). The idea is explicit in eco-
system models (Parton and others 1987) and has
been observed at numerous individual sites (Del-
gado and others 1996; Collins and others 2000). In
contrast, labile C pools that are not associated with
soil clay particles correlate poorly with soil texture
across multiple sites (Giardina and others 2001;
Hassink and others 1993). Our results are consistent
with both of these findings, since labile C pool sizes
were not correlated with soil clay content across the
regional gradient (r2 � 0.02; P � 0.32); the Texas
site had less labile C in fine-textured soils, whereas
other sites showed the opposite trend (Figure 3)
and stable C increased with increasing clay content
(Figure 7). Regional gradients in soil texture may
correlate with the largest pool of soil C (the stable
pool); however, soil texture does not necessarily
correlate with labile pools that respond most rapidly
to land-use and climate change.

Several investigators have suggested that N addi-
tions alter stable C pools either by decreasing ligno-
litic enzyme production or by increasing humifica-
tion rates (Berg and Matzner 1997; Carrierro and
others 2000). We did not detect a significant N-level
effect on stable C pools, but the flux (if it existed)
was likely below the detection limits of our method.
Using the measured stable C:N ratios (Figure 7), soil
tracer retention (Figure 8), and the fraction of
tracer that was stable (Figure 4), we estimate that
our high-N treatment increased the stable C pool
size by a maximum of 4%. In contrast to the ex-
perimental N addition, bulk soil stable N and C were
strongly correlated across the regional gradient
(Figure 7); thus, steady-state stable N and C pools
appear to be associated with predictable, though
not constant, stoichiometry. In our data, soils with
low stable N content had narrower C:N ratios than
soils with high stable N content (Figure 7; signifi-
cant negative y-intercept; P � 0.001), but regional
N deposition studies show the opposite trend for
total soil (as opposed to stable) C:N ratios (Emmett
and others 1998). Although regional N deposition
and stable soil C sequestration may be linked
through a predictable soil C:N ratio (Schimel 1998;
Nadelhoffer and others 1999b), constant stoichiom-
etry (soil C:N) is unlikely.

CONCLUSIONS

Previous N cycling and N retention research focused
on the small pools of inorganic and labile organic N
that are actively cycled by plants and microbes. Our
results demonstrated that on annual time scales,
active recycling of labile N accounted for only half
of the 15N retained in grassland soils. Stable N for-

mation was an equally important pathway of N
retention. These results are consistent with numer-
ous field tracer experiments showing that plants
and microbes have limited access to 15N sequestered
in soil organic matter.

Despite its importance as a terrestrial N sink,
mechanisms and rates of stable N formation are still
poorly understood. In this study, we exploited large
gradients in soil C and texture in an attempt to
isolate controls on stable 15N retention. We did not
detect correlations between these factors and stable
15N pools; however, bulk soil stable N pools were
correlated with stable soil C pools and clay content,
as expected.

Significant N retention in stable pools provides
and important mechanistic link between rapid mi-
crobial and abiotic N immobilization studies and
long-term field tracer experiments showing persis-
tent soil N retention. Further insight could be
gained through experiments that measure short-
and long-term stable N retention (minutes to days)
of a single N tracer. Linking short- and long-term
fates of N (Chang and Preston 1998) will isolate the
time scales over which recycling and stable N for-
mation dominate N retention processes.

ACKNOWLEDGMENTS

We thank John Stark and Myq Larson for 15N anal-
yses, Dan Reuss and Anthony Lemanager for labo-
ratory assistance, and John Aber, Dan Binkley,
Gene Kelly, Rebecca McCulley, Mike Ryan, and
anonymous reviewers for comments that improved
early versions of the paper. This research was sup-
ported by McIntire Stennis appropriations to Colo-
rado State University, the National Science Foun-
dation–sponsored Shortgrass Steppe Long-Term
Ecological Research Program (DEB 9632852), and
the National Science Foundation Presidential Fac-
ulty Fellowship Program (DEB 9350273).

REFERENCES

Aber J, McDowell W, Nadelhoffer K, Magill A, Berntson G,
Kamakea M, McNulty S, Currie W, Rustad L, Fernandez I.
1998. Nitrogen saturation in temperate ecosystems. Bio-
Science 48:921–34.

Berg B, Matzner E. 1997. Effects of N deposition on decompo-
sition of plant litter and soil organic matter in forest systems.
Environ Rev 5:1–25.

Barrett JE. 1999. Nitrogen retention in semiarid ecosystems of
the U.S. Great Plains [dissertation]. Fort Collins (Co): Colorado
State University.

Barrett JE, Burke IC. Nitrogen retention across a soil-organic
matter gradient in semiarid ecosystems. Ecol Appl. 12:878–
890.

Barrett JE, Johnson DW, Burke IC. 2002. Abiotic nitrogen up-

Stable 15N Retention in Grassland Soils 469



take in semiarid grassland soils of the U.S. Great Plains. Soil Sci
Soc Am J. 66:979–987.

Berntson GM, Aber JD. 2000. Fast nitrate immobilization in N
saturated temperate forest soils. Soil Biol Bioch 32:151–6.

Broadbent FE, Nakashima T. 1967. Reversion of fertilizer nitro-
gen in soils. Soil Sci Soc Am Proc 31:648–52.

Buchmann N, Gebauer G, Schulze E-D. 1996. Partitioning of
15N-labeled ammonium and nitrate among soil, litter, below-
and above-ground biomass of trees and understory in a 15-
year-old Picea abies plantation. Biogeochemistry 33:1–23.

Burge WD, Broadbent FE. 1961. Fixation of ammonia by organic
soils. Soil Sci Soc Am Proc 25:199–204.

Burke IC, Lauenroth WK, Parton WJ. 1997. Regional and tem-
poral variation in net primary production and nitrogen min-
eralization in grasslands. Ecology 78:1330–40.

Campbell CA, Ellert BH, Jame YW. 1993. Nitrogen mineraliza-
tion potential in soils. In: Carter MR, editor. Soil sampling and
methods of soil analysis Boca Raton (FL): CRC Press. p 341–9.

Carrierro M, Sinsabaugh R, Repert D, Parkhurst D. 2000. Micro-
bial enzyme shifts explain litter decay responses to simulated
nitrogen deposition. Ecology 81:2359–65.

Chang SX, Preston CM. 1998. Incorporation and extractability of
residual 15N in a coniferous forest soil. Soil Biol Biochem
30:1023–31.

Chang SX, Preston CM, McCullough K. 1997. Transformations of
15N in a coniferous forest soil humus layer in northern Van-
couver Island, British Columbia. Plant Soil 192:295–305.

Chang SX, Preston CM, Weetman GF. 1999. Availability of re-
sidual 15N in a coniferous forest soil: a greenhouse bioassay
and comparison with chemical extractions. For Eco Manage
117:199–209.

Chichester FW, Legg JO, Stanford G. 1975. Relative mineraliza-
tion rates of indigenous and recently incorporated 15N-labeled
nitrogen. Soil Sci 120:455–60.

Clark FE. 1977. Internal cycling of 15nitrogen in shortgrass prai-
rie. Ecology 58:1322–33.

Collins HP, Elliott ET, Paustian K, Bundy LG, Dick WA, Huggins
DR, Smucker AJM, Paul EA. 2000. Soil carbon pools and
fluxes in long-term corn belt agroecosystems. Soil Biol Bio-
chem 32:157–68.

Davidson EA, Stark JM, Firestone MK. 1990. Microbial produc-
tion and consumption of nitrate in an annual grassland. Ecol-
ogy 71:1968–75.

Delgado J, Mosier A, Valentine D, Schimel D, Parton W. 1996.
Long term 15N studies in a catena of the shortgrass steppe.
Biogeochemistry 32:41–52.

Dial DB, Davidson EA, J Chorover. 2001. Rapid abiotic transfor-
mation of nitrate in an acidic forest soil. Biogeochemistry
54:131–46.

Dodd JL. 1979. North American grassland map. In: French NR,
editor. Perspectives in grassland ecology. New York: Springer-
Verlag. Frontispiece.

Drinkwater LE, Cambardella CA, Reeder JD, Rice CW. 1996.
Potentially mineralizable nitrogen as an indicator of biologi-
cally active soil nitrogen. In: Doran J and Jones A, editors.
Methods for assessing soil quality. Madison (WI): Soil Science
Society of America special publication 49. pp 217–229.

Emmett BA, Boxman D, Bredemeier M, Gundersen P, Kjonaas
OJ, Moldan F, Schleppi P, Tietema A, Wright RF. 1998. Pre-
dicting the effects of atmospheric nitrogen deposition in coni-
fer stands: evidence from the NITREX ecosystem-scale exper-
iments. Ecosystems 1:352–60.

Emmett BA, Quarmby C. 1991. The effect of harvesting intensity
on the fate of applied 15N-ammonium to the organic horizons
of a coniferous forest in N. Wales. Biogeochemistry 15:47–63.

Epstein HE, Lauenroth WK, Burke IC, Coffin DP. 1996. Ecolog-
ical responses of dominant grasses along two climatic gradients
in the Great Plains of the United States. J Veget Sci 7:777–8.

Galloway JN, Schlesinger WH, Levy H II, Michaels A, Schnoor
JL. 1995. Nitrogen fixation: anthropogenic enhancement–en-
vironmental response. Global Biogeochem Cycles 9:235–52.

Giardina CP, Ryan MG, Hubbard RM, Binkley D. 2001. Tree
species and soil texture controls on carbon and nitrogen min-
eralization rates. Soil Sci Soc Am J 65:1272–9.

Gundersen P, Rasmussen L. 1995. Nitrogen mobility in a nitro-
gen limited forest at Klosterhede, Denmark, examined by
NH4NO3 addition. For Ecol Manage 71:75–88.

Hassink J, Bouwman LA, Zwart KB, Bloem J, Brussaard L. 1993.
Relationships between soil texture, physical protection of or-
ganic matter, soil biota, and C and N mineralization in grass-
land soils. Geoderma 57:105–28.

He X-T, Stevenson FJ, Mulvaney RL, Kelley KR. 1988. Incorpo-
ration of newly immobilized 15N into stable organic forms in
soil. Soil Biol Biochem 20:75–81.

Jansson SL. 1963. Balance sheet and residual effects of fertilizer
nitrogen in a 6-year study with N15. Soil Sci 95:31–7.

Johnson D, Cheng W, Burke I. 2000. Biotic and abiotic nitrogen
retention in a variety of forest soils. Soil Sci Soc Am J 64:1503–
14.

Kaye JP, Binkley D, Zou X, Parrotta J. 2002. Non-labile 15nitro-
gen retention beneath three tree species in a tropical planta-
tion. Soil Sci Soc Am J 66:612–619.

Khan SA, Mulvaney RL, Brooks PD. 1998. Diffusion methods for
automated nitrogen-15 analysis using acidified disks. Soil Sci
Soc Am J 62:406–12.

Meyer O. 1994. Functional groups of microorganisms. In:
Schulze E-D, Mooney HA, editors. Biodiversity and ecosystem
function. Berlin: Springer-Verlag. p 67–96.

Motavalli P, Frey S, Scott N. 1995. Effects of filter type and
extraction efficiency on nitrogen mineralization measure-
ments using the aerobic leaching soil incubation method. Biol
Fertil Soils 20:197–204.

Nadelhoffer K. 1990. Microlysimeter for measuring nitrogen
mineralization and microbial respiration in aerobic soil incu-
bations. Soil Sci Soc Am J 54:411–5.

Nadelhoffer KJ, Downs MR, Fry B. 1999a. Sinks for 15N-en-
riched additions to an oak forest and a red pine plantation.
Ecol Appl 9:72–86.

Nadelhoffer KJ, Emmett BA, Gundersen P, Kjonaas OJ, Koop-
mans CJ, Schleppi P, Tietema A, Wright RF. 1999b. Nitrogen
deposition makes a minor contribution to carbon sequestra-
tion in temperate forests. Nature 398:145–8.

National Atmospheric Deposition Program. 2000. Isopleth maps.
N deposition (from NO3 and NH4) (kg/ha). http://nadp.sws.ui-
uc.edu/isopleths/maps2000/. Verified 12/15/01.

National Climate Data Center. 1996. Climate data. Summary of
the day. Boulder (CO): EarthInfo.

Nohrstedt HO, Sidstrom U, Ring E, Nasholm T, Hogberg P, Per-
sson T. 1996. Nitrate in soil water in three Norway spruce
stands in southwest Sweden as related to N-deposition and
soil, stand, and foliage properties. Can J For Res 26:836–48.

Nommik H, Vahtras K. 1982. Retention and fixation of ammo-
nium and ammonia in soils. In: Stevenson FJ, Bremner JM,
Hauck RD, Keeney DR, editors. Nitrogen in agricultural soils.

470 J. Kaye and others



Agronomy; vol 22. Madison (WI): American Society of Agron-
omy. p 123–72.

Oades JM. 1988. The retention of organic matter in soils. Bio-
geochemistry 5:35–70.

Parton WJ, Cole CV, Stewart JWB, Ojima DS, Schimel DS. 1989.
Simulating regional patterns of soil C, N, and P dynamics in
the U.S. central grasslands region. Biogeochemistry 6:45–58.

Parton WJ, Schimel DS, Cole CV, Ojima DS. 1987. Analysis of
factors controlling soil organic matter levels in Great Plains
grasslands. Soil Sci Soc Am J 51:1173–9.

Paruelo JM, Epstein HE, Lauenroth WK, Burke IC. 1997. ANPP
estimates from NDVI for the Central Grassland region of the
U.S. Ecology 78:953–8.

Paruelo JM, Lauenroth WK. 1995. Regional patterns of normal-
ized difference vegetation index in North American shrub-
lands and grasslands. Ecology 76:1888–98.

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.

Preston CM. 1982. The availability of residual fertilizer nitrogen
immobilized as clay-fixed ammonium and organic N. Can J
Soil Sci 62:479–86.

Preston CM, Mead DJ. 1994b. A bioassay of the availability of
residual 15N fertilizer eight years after application to a forest
soil in interior British Columbia. Plant Soil 160:281–5.

Preston CM, Mead DJ. 1994b. Growth response and recovery of
15N-fertilizer one and eight growing seasons after application
to lodgepole pine in British Columbia. For Ecol Manage 65:
219–29.

Robertson GP, Paul EA. 1999. Decomposition and a soil organic
matter dynamics. In: Sala O, Jackson R, Mooney H, Howarth
R, editors. Methods in Ecosystem science. New York: Springer-
Verlag. p 104–16.

Sala OE, Parton WJ, Joyce LA, Lauenroth WK. 1988. Primary
production of the Central Grasslands of the United States.
Ecology 69:276–82.

Schimel DS. 1998. The carbon equation. Nature 393:208–9.

Schimel DS, Parton WJ, Adamsen FJ, Woodmansee RG, Senft
RL, Stillwell MA. 1986. The role of cattle in the volatile loss of
N from a shortgrass steppe. Biogeochemistry 2:39–52.

Seely B, Lajtha K. 1997. Application of a 15N tracer to simulate
and track the fate of atmospherically deposited N in the coastal
forests of the Waquoit Bay Watershed, Cape Cod, Massachu-
setts. Oecologia 112:393–402.

Smith SJ, Chichester FW, Kissel DE. 1978. Residual forms of
fertilizer nitrogen in field soils. Soil Sci 125:165–9.

Smith SJ, Power JP. 1985. Residual forms of fertilizer nitrogen in
a grassland soil. Soil Sci 140:362–7.

Sollins P, Homann P, Caldwell BA. 1996. Stabilization and de-
stabilization of soil organic matter: mechanisms and controls.
Geoderma 74:65–105.

Stanford G, Legg JO, Chichester FW. 1970. Transformations of
fertilizer nitrogen in soil I. Interpretations based on chemical
extractions of labeled and unlabelled nitrogen. Plant Soil 33:
425–35.

Stanford G, Smith S. 1972. Nitrogen mineralization potentials of
soils. Soil Sci Soc Am Proc 36:465–72.

Stark JM, Hart SC. 1996. Diffusion technique for preparing salt
solutions, Kjeldahl digests, and persulfate digests for nitro-
gen-15 analysis. Soil Sci Soc Am J 60:1846–55.

Stark JM, Hart SC. 1997. High rates of nitrification and nitrate
turnover in undisturbed coniferous forests. Nature 385:61–4.

Strickland TC, Sollins P, Rudd N, Schimel DS. 1992. Rapid sta-
bilization and mobilization of 15N in forest and range soils. Soil
Biol Biochem 24:849–55.

Tietema A, Emmett BA, Gundersen P, Kjonaas OJ, Koopmans
CJ. 1998. The fate of 15N-labelled nitrogen deposition in co-
niferous forest ecosystems. For Ecol Manage 101:19–27.

Tisdall J, Oades J. 1982. Organic matter and water-stable aggre-
gates in soils. J Soil Sci 33:141–63.

Wright RF, Brandrud T-E, Clemensson-Lindell A, Hultberg H,
Kjonaas OJ, Moldan F, Persson H, Stuanes AO. 1995. NITREX
project: ecosystem response to chronic additions of nitrogen to
a spruce-forested catchment at Gardsojon, Sweden. Ecol Bull
44:322–34.

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.

Stable 15N Retention in Grassland Soils 471


