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ABSTRACT
The relationship between soil nitrogen (N) availabil-
ity and plant community structure was investigated
in old-fields in the shortgrass steppe of Colorado.
Nitrogen availability was manipulated by N or su-
crose additions for 4 years at three old-fields (early-
seral, mid-seral, and late-seral) and at an unculti-
vated control site. The addition of N generally
resulted in increased abundance of annual forbs and
grasses relative to perennials at all of the previously
cultivated sites. Conversely, experimental reduction
of N availability generally increased the relative
abundance of perennials. Despite a lack of detect-
able differences in N mineralization between sites
and treatments, ion-exchange resin bags confirmed
that sucrose additions reduced plant-available N
and that N additions increased plant-available N.
This was evidenced further by similar observations
for plant tissue N content. The degree to which N
additions increased N availability at the various sites
supported the idea that late-seral plant communi-
ties are less effective at N capture relative to earlier-
seral communities. The mid-seral old-field had the

lowest rates of litter decomposition and a relatively
large accumulation of litter on the soil surface. This
mid-seral old-field was dominated by an exotic
annual grass (Bromus tectorum), which appears to be
a major hindrance to redevelopment of the plant-
soil system. By experimentally reducing N availabil-
ity at this stage, we were able, in 4 years, to change
the plant community into one that more closely
resembled the late-seral community. We also ob-
served that the natural recruitment of weedy an-
nual species on the uncultivated site during an
unusually wet year was suppressed by reducing N
availability. Our results suggest that available N is an
important factor controlling the rate and course of
plant and soil community redevelopment on aban-
doned croplands in the shortgrass steppe, and that
manipulation of N availability might be useful in
restoration of rangeland vegetation.

Key words: old-field succession; nitrogen availabil-
ity; plant-soil system; semiarid rangeland restora-
tion.

INTRODUCTION

Secondary succession is the ecological process of
plant community change after disturbance. In terres-
trial systems, the most noticeable characteristic of
this process is the change in plant species composi-
tion that takes place over time. It is often reported
that plant communities change during secondary
succession in response to changes in soil nutrient
availability (Tilman 1982, 1987; Inouye and others

1987; Pastor and others 1987; Olff and others 1994;
Brussaard and others 1996). These changes in soil
nutrient availability during secondary succession
are well documented (Lamb 1980; Parrish and
Bazzaz 1982; Smith and Rice 1983; Tilman 1984;
Inouye and others 1987; Vitousek and others 1989;
Reiners and others 1994). Of particular interest is
available soil nitrogen (N), which often decreases
during natural secondary succession in old-fields
(Foster and others 1980; Vitousek 1983; Dormaar
and others 1990), or increases during secondary
succession on infertile sandy soils (Tilman 1988)
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and after turf removal on European heathlands
(Berendse 1990).

Nitrogen availability has been found to be in-
versely related to the abundance of late-seral domi-
nants in a number of ecosystems. In European
heathlands, shrub dominance decreases and peren-
nial grasses become more abundant as available N
increases (Heil and Diemont 1983; Berendse and
others 1987; Heil and Bruggink 1987; Aerts and
Berendse 1988). Shifts from late-seral to mid- or
early-seral stages in forests have been observed to be
correlated with increases in available N (Aber and
others 1989; Cherfas 1991). Others have reported
decreases in ericaceous shrubs and other understory
vegetation with N additions in mature evergreen
forests (Prescott and others 1993, 1995). Increased
N availability has been shown to affect the seral
process in semiarid ecosystems, slowing the replace-
ment of annuals by herbaceous perennials (McLen-
don and Redente 1991, 1992; Trent and others
1992). Conversely, decreased N availability has been
correlated with the replacement of early-seral spe-
cies by mid-seral species in prairie and shrubland
systems (Wedin and Tilman 1990; McLendon and
Redente 1991, Tilman and Wedin 1991; Morgan
1994), and competitive success of shrubs over grasses
is increased by lower N availability in semiarid (van
Auken and Bush 1989) and arid (Ettershank and
others 1978) ecosystems.

The observed patterns of species replacements
during secondary succession may be attributed to
changes in competitive relationships among species
induced by changes in N availability (Raynal and
Bazzaz 1975; Peterson and Bazzaz 1978; Tilman
1982; Miller and Werner 1987). Species with higher
growth rates are favored over those with slower
growth rates under conditions of high N availability
(Berendse and others 1987; Heiland Bruggink 1987;
Aerts and Berendse 1988; McGraw and Chapin
1989, Bobbink 1991). The high production levels in
early-seral plant communities on old-fields result in
high use of belowground resources (for example, N
and moisture) due to their higher growth rates
relative to later-seral communities (Raynal and
Bazzaz 1975; Bazzaz 1979), and because relatively
large amounts of the resources are often available in
the upper soil after abandonment of cultivation. It is
important to note that high N availability after
cultivation may result not only from past N fertiliza-
tion but also from the lack of an established plant
community for uptake of the mineral N made
available by microbial mineralization of organic N.

In the absence of frequent disturbances on old-
fields, site dominance by early-seral species contin-
ues only as long as they are able to monopolize the

supply of limited resources. This monopolization of
resource supplies may have both temporal and
spatial aspects (Juhasz-Nagy and Podani 1983). In
general, early-seral species on old-fields are not
effective competitors for light against mid- or late-
seral species (van Hulst 1978, 1979; Bazzaz 1979).
Instead, the competitive advantages of early-seral
species result from their ability to deplete the supply
of limiting soil resources before their competitors
can use them. This can be accomplished by begin-
ning growth earlier than their competitors (Allen
and Knight 1984) or by producing more biomass
more rapidly than their competitors once growth
has been initiated (Grime 1973; Shipley and Peters
1990). A third competitive advantage of early-seral
species might be reduced root exudation and carbon
allocations for maintenance of the rhizosphere mi-
crobial community relative to late-seral species (Fre-
derick and Klein 1994; Biondini and others 1988).
All three of these processes are influenced by N
availability.

OBJECTIVES

The focus of our research was the possible role of N
availability as a key mechanism controlling second-
ary succession in these old-fields. Our primary
objective was to determine if experimental manipu-
lation of N availability on old-fields could be used to
control the redevelopment of the native perennial–
dominated shortgrass steppe. A supporting objective
was to relate induced changes in N cycling to plant
community change. The long-term goal of our
research is to develop methodology for accelerating
the recovery of abandoned croplands and to avoid
stages in plant community development that are
dominated by weedy annual species. We hypoth-
esized that the rate and direction of plant commu-
nity development on old-fields in this shortgrass
steppe ecosystem could be controlled, in part, by soil
N availability because plant species that are charac-
teristic of undisturbed shortgrass steppe are better
able to tolerate low available N levels than are
ruderal species. From this, we also hypothesized
that the redevelopment of N cycling after distur-
bance is an important factor in system redevelop-
ment, and that this redevelopment can be stalled
when N cycling is altered.

METHODS

Site Description
The experiment was conducted on and near the
Central Plains Experimental Range (CPER) located
50 km northeast of Fort Collins, Colorado. Elevation
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of the CPER is approximately 1650 m, and the
annual precipitation is approximately 31 cm, with
70% occurring during the growing season (Figure
1a). Climatic conditions during the period of study
are presented in Figure 1b. Vegetation in this short-
grass steppe region is dominated by bunchgrasses
(64%), succulents (21%), and semishrubs (8%;
Brenneman 1989). Secondary succession on old-
fields in this region typically takes 50 or more years
(Reichardt 1982; Coffin and others 1996) and is
characterized by a transition from plant communi-
ties dominated by annual forbs and grasses to plant
communities dominated by perennials (Lauenroth
and Milchunas 1992). Three previously cultivated
sites were used in this study, each site was selected
to be as similar to the others as was possible, except
for time since abandonment from cultivation (Table
1). A fourth site that has never been cultivated was
used as a reference site.

Nitrogen Treatments
The experimental design was arranged as a random-
ized block design with blocks nested within sites.
Twelve 10- x 10–m plots with 2-m buffer zones

between plots were established at each of the four
sites in 1993. The 12 plots at each site were arranged
in four blocks of three plots each. The three avail-
able N treatments (high-N, intermediate-N, and
low-N) were randomly assigned to the three plots in
each block. Treatments were first applied in the
summer of 1993 and continued through 1996. The
low-N treatment plots received sucrose (to immobi-
lize available N) at a rate of 3788 kg ha21 y21 (1600
kg C ha21 y21), the high-N treatment plots received
ammonium nitrate at a rate of 100 kg N ha21 y21,
and the intermediate-N plots, which served as con-
trols, did not receive any amendments. The N and
sucrose were hand broadcast, the N in three equal
increments annually (April, June, and August) and
the sucrose in eight equal increments (April through
October) to provide a more temporally uniform
reduction in available N through immobilization.

N Dynamics
Soil N availability. Soil N availability was moni-

tored in each study plot by using in situ incubations
of mixed-bed ion-exchange resin (IER) bags (Bin-

Figure 1. (a) Eighty-year
average Walter climate dia-
gram for the Central Plains
Experiment Range (see Wal-
ter, 1973 for further expla-
nation). (b) Consecutive
4-year Walter climate dia-
gram for the period of study.
Climate data was provided
by the Shortgrass Steppe
Long-Term Ecological Re-
search Project, which is sup-
ported by the National Sci-
ence Foundation (DEB
9632852).

Table 1. Characteristics of the Four Sites

Early-Seral Site Mid-Seral Site Late-Seral Site Uncultivated Site

History Last cultivated in 1989 Last cultivated in 1981 Last cultivated in 1955 Never cultivated
Soilsa Ascolon fine sandy loam Ascolon fine sandy loam Vona sandy loam Renohill fine sandy loam
Vegetation Lactuca scariola, Salsola

iberica, Kochia scoparia
Bromus tectorum, Agropyron

desertorum, Sporobolus
cryptandrus

Bouteloua gracilis, Aristida
purpurea, Chrysopsis
villosa

Opuntia polyacantha,
Bouteloua gracilis, Buchloe
dactyloides

aFrom Crabb 1982
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kley and Matson 1983). The buried IER bags adsorb
and retain mineral N from the soil solution during
the incubation period. Because they are exposed to
approximately the same environmental conditions
as plant roots, they provide an index of relative N
availability in the different study plots over time. It
is important to note that IER bags compete with
plant roots for available N, so changes in N availabil-
ity as detected by IER bags can result from changes
in N-supplying processes, as well as changes in plant
N uptake. Three IER bags were buried in each of the
10- 3 10–m study plots at a depth of 5–10 cm
beginning in the spring of 1994. The IER bags were
changed approximately monthly during periods of
high rainfall and bimonthly during dry periods. One
set of IER bags was left in situ over winter. At the
end of the incubation period, the IER bags were
air-dried overnight and extracted in 75 mL of 1 N
KCl for 1.5 h on a mechanical shaker. Extracts were
equilibrated overnight on a lab bench, filtered
(Whatman#42 filters, Whatman International Ltd.,
Kent, ME, UK), and stored at 220°C until analysis.
Nonincubated IER bags were extracted and used as
blanks to correct for background mineral N. The
extracts were analyzed for NH4

1-N and NO3
2-N by

using a Perstorp total flow solution autoanalyzer
(Perstorp Analytical Inc., Silver Spring, MD, USA).

Net N mineralization. During 1995, rates of soil
net N mineralization were estimated using in situ
incubations of soil samples in polyethylene bags
(Eno 1960). In each study plot, three 2.5- x 15–cm
soil cores were removed at randomly selected points
and placed into 0.04-mm-thick polyethylene bags.
Because it was not possible to maintain the struc-
tural integrity of many of the dry sandy soil cores,
we were unable to return the cores to their original
holes. Instead, we placed the sealed bags containing
the soil back into the soil profile at the point of
collection by using a tile spade inserted at a 45°
angle. The bags were incubated at an average depth
of 10 cm for 6 mo during the winter of 1994–95, 2
mo in spring of 1995, 2.5 mo in summer, and 2 mo
in autumn. At the beginning of each incubation, a
soil core was removed immediately adjacent to each
incubated soil sample to determine the initial levels
of NH4

1-N and NO3
2-N. Fresh and incubated soil

cores were immediately cooled to 3°C and brought
to the laboratory where a 5-g (moist weight) sub-
sample was extracted with 75 mL of 1 N KCl for
1.5 h on a mechanical shaker. Samples then were
equilibrated, stored, and analyzed as described for
IER bag extracts. The remainder of the soil sample
was weighed, dried at 105°C for 48 h, and then
reweighed to correct final values for moisture con-
tent. Net N mineralization was estimated as the sum

of net changes in NH4
1-N (net ammonification) and

net changes in NO3
2-N (net nitrification) for each

soil sample during the incubation period.
Soil total nitrogen and pH. At the end of each

growing season five 2.5 x 15–cm soil cores were
collected from random points in each study plot to
determine total N and soil pH. Soil total N was
determined on a LECO CHN-1000 Analyzer (LECO
Corp., St. Joseph, MI, USA). Soil pH was determined
in a mixture of 10 g of air-dried soil in 20 mL of 0.01
M CaCl2.

Decomposition
Rates of plant litter decomposition were estimated
in each plot during 1994, 1995, and 1996 by using
in situ incubations of local plant litter in nylon mesh
bags. Litter was collected at each of the four study
sites by clipping standing dead plant material in the
late autumn of each year. At each site, we collected
plant material from the dominant plant species in
areas outside the treatment plots. Species used in
litterbags were Lactuca scariola at the early-seral
old-field, Bromus tectorum and Sporobolus cryptandrus
at the mid-seral old-field (1:1 mix), Bouteloua gracilis
and Aristida purpurea (1:1 mix) at the late-seral
old-field, and B. gracilis and Buchloe dactyloides (1:1
mix) at the uncultivated site. Chemical characteris-
tics of the various litter types used to construct
litterbags (for the 1996 field season only) are pro-
vided in Table 2. Approximately 5 g of plant material
was used in each litterbag with the mass being
recorded for each bag. The moisture and ash content
of the plant material was determined and used to
correct the initial litterbag mass to an ash-free dry
matter basis. Six replicate litterbags were placed on
the soil surface in the plots at six randomly deter-
mined points. Because the bags were relatively
small (10 x 10 cm), we were able to place them in
contact with the soil surface between plants. To
prevent disturbance by wind and grazing animals,
we held the bags in place with wire mesh screens
(1-cm2 openings) that were secured in the soil with
aluminum pegs. After 12 mo, the litterbags were
collected, cleaned, and dried at 55°C to constant
mass. After removing roots and germinating plants
from the litterbags, we determined their mass. The
remaining litter in each bag was ashed at 550°C for 3
h so that soil trapped in the litter material could be
subtracted from the litter mass. Using the final and
initial dry weights and ash contents, we calculated
rates of decomposition as ash-free dry matter mass
changes.

This experimental design for litterbags was fol-
lowed for the 1994 and 1995 field seasons. In 1996,
a slight modification was made in that additional
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litterbags made from plant material from the uncul-
tivated site was placed at all four sites. Because of
these additional types of litterbags used at each site,
the number of replicate bags of each type per plot
was reduced from six to three. We made these
modifications to better discern the relative differ-
ences in decomposition between the different sites
by using a common litter type.

Litter Mass
Plant litter was collected in June and August of each
year at the time of the vegetation sampling de-
scribed below. After clipping vegetation, we gath-
ered the litter by hand from each of 10 0.5-m2

quadrats within each study plot. The litter was dried
to constant mass at 55°C and weighed.

Plant Community
Annual production and N content. Aboveground

plant biomass by species was collected twice annu-
ally (June and August) from 10 randomly located
0.5-m2 quadrats within each of the 48 plots (four
sites x three treatments x four replicate plots)
beginning in August 1993. Each species was clipped
to ground level, dried to constant mass at 55°C,
weighed, ground to pass a 40-mesh sieve, and
analyzed for N concentration on a LECO CHN-1000
Analyzer (LECO Corp.). Annual aboveground pri-
mary production was estimated for each plant spe-
cies by taking the higher value of the two sampling
dates each year. Relative biomass was calculated by
dividing the annual production value for each spe-
cies within a plot by the total plot production for
that year. For analyses of plant community dynam-
ics, we grouped plant species into ecologically simi-
lar groups (annual forbs, annual grasses, perennial
forbs, perennial grasses, shrubs, and succulents) for
the reasons discussed by Lauenroth and Dodd
(1978).

Root biomass and N content. Root N pools and
biomass were estimated by removing 4.5- x 15–cm
soil cores from seven random points in each plot.
The cores were weighed, and a 50-g subsample was
removed and dried at 105°C until constant mass to
determine moisture content. We estimated soil bulk
density for each plot based on this and the mass and
volume of the core. These bulk density values were
used later to convert soil nutrient measures to mass
per area values. Roots were gently separated from
soil cores by hand while submerged in water. The
wash water was allowed to settle so that floating
fine roots could be sieved from the surface. All of the
collected roots then were dried to constant mass at
55°C, weighed, and ground to pass a 40-mesh sieve.
A small subsample of each root sample was analyzed
for N concentration as described for vegetation. The
remaining portion of the ground root sample was
ashed at 550°C for 3 h to correct root weights for
attached soil particles. Root biomass thus was calcu-
lated on an ash-free dry matter basis. Roots from the
50-g subsample of soil removed from the root cores
for moisture determination also were sorted, dried,
and weighed. These weights were added to those of
the remainder of the root cores to give the total root
weight per core.

Statistical Analyses

Univariate analyses were conducted on each univari-
ate variable (grouped by site and year) by using SAS
PROC GLM version 6.01 (SAS Institute, Cary, NC,
USA). Differences between control and treatment
plots (grouped by site and year) were tested using
Tukey’s tests (a 5 0.05). Because there were no
significant (a 5 0.05) block effects detected for most
measures, blocks were pooled to test for control and
treatment plot differences within a site.

Table 2. Chemical Characteristics of the Various Litter Materials Used to Construct Litterbags
for the 1996 Field Season

Seral Site Plant Species
Cellulose
(%)

Lignin
(%)

Cellulose 1
Lignin (%)

N
(%)

C
(%) C:N Lignin:N

Cellulose 1
Lignin:N

Early Lactuca scariola 41.11 6.81 47.92 0.507 44.30 87 13 95
Mid Bromus tectorum 1 Sporobolus

cryptandrus
45.97 6.57 52.54 0.584 44.91 77 11 90

Late Bouteloua gracilis 1 Aristida
purpurea

36.93 5.38 42.31 0.673 42.03 62 8 63

Uncultivated Bouteloua gracilis 1 Buchloe
dactyloides

33.36 4.65 38.00 0.665 42.76 64 7 57

Plant materials were collected in October, 1995.
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RESULTS

N Dynamics
Soil N availability. Annual additions of N (100 kg

ha21) significantly increased total inorganic N avail-
ability, and sucrose additions significantly decreased
total inorganic N availability at all sites (Table 3)
based on IER bag data. Both ammonium- and
nitrate-N were detected in IER bags at a near 1:1
ratio in all control plots (Table 3). Significant changes
in the ratio of sorbed NH4

1-N to NO3
2-N, resulting

from sucrose additions, at the early- and late-seral
old-fields could indicate N uptake preferences of the
corresponding plant and soil communities subjected
to N alterations, or differential effects on the nitrifi-
cation potential of the soil communities.

There was less available N (NH4
1-N, NO3

2-N, and
total mineral N) at the early-seral old-field com-
pared with the mid- and late-seral old-fields (Table
3), indicating either lower N availability at this site
or increased uptake of N by plant roots, which
compete with IER bags for available N. In the
N-amended plots, less N was captured in IER bags at
the early-seral old-field relative to the other sites
(Table 3). This general trend of increasing N availabil-
ity in high-N plots with successional age is consis-
tent with the notion that early-seral plants are more
effective than mid- or late-seral plants at uptake of
available soil N (Redente and others 1992). The low
amounts of mineral N detected in IER bags from
early-seral control plots relative to control plots at
other sites (Table 3) thus are likely due to greater N
uptake by vegetation.

Net N mineralization. Total in situ production of
mineral N in 1995 was not significantly altered by N

additions (Table 4) although net nitrification was
stimulated by N addition at most sites. We, however,
did observe a significant increase in the production
of mineral N at the early-seral old-field in the
sucrose amended plots. Because early-seral plant
species release less C in root exudates than late-seral
plants (Biondini and others 1988), our observations
suggest that net N mineralization at the early-seral
old-field may be limited by a readily available C
source.

Our observation of consistent rates of net N
production across the four sites in 1995 might seem
to be an apparent contradiction to the IER bag data,
which clearly show lower N availability at the
early-seral old-field. This contradiction can be ex-
plained by the different processes that these two
techniques measure. The IER bags adsorb mineral N
from the soil solution and are subjected to the same
conditions that plant roots and soil organisms would
experience (Binkley 1984; Gibson 1986). Thus, they
are an open system and must compete with other
potential sinks of mineral N (leaching losses, plant
roots, soil organisms, and the soil ion-exchange
complex). The buried bags, however, provide a
measure of the ability of the soil microbial commu-
nity to produce mineral N in situ. Because the bags
are a closed system, the N that is mineralized cannot
be taken up by plant roots or leached out of the
bags. The observed low N sorption by IER bags at the
early-seral old-field despite relatively high net N
mineralization is a further indication that mineral N
uptake by plant roots is high in this earlier-seral
plant community.

Soil total nitrogen and pH. Soil total N pools
showed no clear consistent differences among sites

Table 3. Total Sorption of N (mg) by IER Bags from 20 April 1994 to 12 December 1995a

Measure Treatment Early-Seral Mid-Seral Late-Seral Uncultivated

NH4
1-N High-N 10,094p 16,138p 19,450p 18,422p

Control 492a 1333b 1402b 1070ab
Low-N 195p 813 383p 352p

NO3
2-N High-N 7535p 13,449p 20,807p 17,880p

Control 736a 1388ab 1643b 1213ab
Low-N 158p 790p 333p 236p

Total mineral N High-N 17,629p 29,587p 40,257p 36,301p

Control 1227a 2722b 3045b 2283ab
Low-N 352p 1603p 716p 587p

NH4
1-N:NO3

2-N High-N 1.28 1.17 0.94 1.00
Control 0.80a 1.00a 0.86a 1.10a
Low-N 1.84p 1.30 2.17p 2.07

In the table body, treatment means within a column (site) followed by an asterisk are significantly different from the corresponding control mean for each measure at a 5 0.05
(n 5 12). Site means (for control plots only) followed by different letters are significantly different from other sites at a 5 0.05 (n 5 12).
aSum of eight consecutive incubations.
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(Table 5). There were distinct differences in soil pH
between the sites, with a general trend towards
decreasing pH with successional age (Table 5). We
observed significant reductions in soil pH with N
additions.

Decomposition and Litter Mass
Rates of decomposition of local plant litter were
generally lowest for the mid-seral old-field for 3
years of study (Figure 2). In 1996, the placement of
uncultivated site litter at all sites showed the same
pattern of decomposition across all sites as the local
litter, indicating that observed patterns of decompo-
sition were likely due to site factors and not differ-

ences in litter types. Across the different aged sites,
decomposition rates were initially high followed by
the low rates at the mid-seral old-field and then an
increase in decomposition rate at the late-seral and
uncultivated sites. The mid-seral old-field also had
the largest (although not always statistically signifi-
cant) standing pool of litter mass in all years (Figure
3), suggesting that the lower decomposition rate at
this site may result in larger litter pools, or con-
versely, that litter from this plant community (pri-
marily B. tectorum) may inhibit microbial decomposi-
tion. Working in this same shortgrass steppe system,
Milchunas and Lauenroth (1995) found that the
cyclic abundance of exotic weeds in previously N

Table 4. Total Production of Mineral N (kg ha21) in In Situ Buried Bags during 1995a

Measure Treatment Early-Seral Mid-Seral Late-Seral Uncultivated

NH4
1-N High-N 220.20p 215.08p 249.09p 274.97p

Control 0.72a 2.21a 24.05b 20.11ab
Low-N 5.05p 1.18 1.20 1.95

NO3
2-N High-N 82.42p 28.82 90.69p 83.58p

Control 41.01ab 26.49b 49.82a 27.37b
Low-N 59.19p 25.24 37.30 29.40

Total mineral N High-N 62.23 13.74 41.60 8.62
Control 41.74a 28.71a 45.78a 27.26a
Low-N 64.23p 26.42 38.51 31.35

Treatment means within a column (site) followed by an asterisk are significantly different from the corresponding control mean for each measure at a 5 0.05 (n 5 12). Site
means (for control plots only) followed by different letters are significantly different from other sites at a 5 0.05 (n 5 12).
aSum of four consecutive incubations.

Table 5. Soil Total N and pH at the Four Seral Sites Subjected to N Manipulations

Measure Year Treatment Early-Seral Mid-Seral Late-Seral Uncultivated

Total N (kg ha21) 1994a High-N 813p 853 769 716p

Control 674ab 761ab 805a 627b
Low-N 798 667 822 654

1995 High-N 1028 758 903 861
Control 1055a 714b 881ab 829b
Low-N 981 725 853 721

1996 High-N 1110p 1089p 1137 1032
Control 926a 853a 929a 957a
Low-N 999 1043 954 1175

Soil pH 1994 High-N 6.62p 6.87p 5.57p 5.78
Control 6.97a 7.08a 6.36b 5.63c
Low-N 7.11p 7.11 6.53 6.01p

1995 High-N 6.66p 7.35 6.21p 5.71
Control 7.19ab 7.47a 6.86b 5.95c
Low-N 7.18 7.42 6.91 5.95

1996a High-N 6.17p 7.01p 5.64p 4.78p

Control 7.13a 7.31a 6.45b 5.82c
Low-N 7.07 7.44 6.47 5.67

Treatment means within a column (site) followed by an asterisk are significantly different from the corresponding control mean for each measure at a 5 0.05. Site means (for
control plots only) followed by different letters are significantly different from other sites at a 5 0.05.
an 5 20, otherwise n 5 12.
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enriched communities was related to large accumu-
lation of plant litter.

Decreasing soil N availability significantly reduced
litter decomposition rates at all sites in most years
(Figure 2). Conversely, increasing soil N availability
seemed to increase decomposition rates, although
these increases were not always statistically signifi-
cant. Our results of N availability effects on decom-
position agree with those of Hunt and others (1988),
because similar effects for sucrose and N additions
on decomposition of various litter types in several
ecosystems were observed, including a shortgrass
steppe site near our sites. Turner (1977) suggested
that altered decomposition rates in a Douglas-fir
stand subjected to N manipulations may have been
due to a pH effect. Our results, which show signifi-
cant reductions in decomposition in low N plots
(Figures 2 and 3) where soil pH was not significantly

altered (Table 5), suggest that lower decomposition
rates are not due to altered soil pH. Increases in the
decomposition of surface litter in the high-N plots
may have been due to the translocation of soil N to
the litterbags via fungal hyphae (as suggested by
Hart and others 1993), thus reducing the C:N ratio
in the decomposing litter.

Plant Community
At all of the sites, a reduction of N availability from
the addition of sucrose resulted in decreases in the
relative biomass of annual plant species (grasses and

Figure 2. Decomposition of litter from the dominant
plant species at the four sites subjected to N manipulation
from 1994 through 1996, and for litter from the unculti-
vated site placed in all of the old-fields in 1996. Bars
represent the standard error of the mean (n 5 24 for 1994
and 1995’ n 5 12 for 1996). Asterisks indicate a treatment
mean that is significantly different from the correspond-
ing control mean at a 5 0.05 by using a Tukey’s Studen-
tized Range test. Different letters above bars for control
plots indicate significant differences between sites (con-
trol plots only) by using a Tukey’s Studentized Range test
(a 5 0.05).

Figure 3. Standing pool of plant litter (maximum mass
value from spring and summer samplings) from 1993 to
1996 at the four sites subjected to N manipulations. Bars
represent the standard error of the mean (n 5 4).
Asterisks indicate a treatment mean that is significantly
different from the corresponding control mean at a 5
0.05 by using a Tukey’s Studentized Range test. Different
letters above bars for control plots indicate significant
differences between sites (control plots only) by using a
Tukey’s Studentized Range test (a 5 0.05).
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forbs) and increases in perennial species (grasses,
forbs, shrubs, and succulents; Figure 4). An increase
of N availability from N additions resulted in in-
creases in the relative biomass of annual plant
species and decreases in perennial species (Figure
4). Similar trends can be seen in annual biomass
production for annual versus perennial species as
presented in Tables 6 to 9. Thus, changes due to N
additions can be viewed as a successional retrogres-

sion. Conversely, reducing N availability via sucrose
additions increased the rate of plant community
redevelopment as measured by the relative abun-
dance of annual versus perennial species.

Generally, additions of N to study plots increased
plant N (Figure 5). Reducing N availability via
sucrose additions had a less pronounced effect on
plant N; however, significant reductions were ob-
served at several sampling periods (Figure 5). Most

Figure 4. Relative plant
community biomass compo-
sition of the four sites sub-
jected to N manipulations
plus control from 1993
through 1996. Relative bio-
mass is based on the maxi-
mum biomass from June
and August samplings each
year. Each panel is the mean
of four plots.

Table 6. Annual Plant Production at the Early-Seral Old-Field

1993 1994 1995 1996

High N Control Low N High N Control Low N High N Control Low N High N Control Low N

Annual forbs 69.98 85.98 91.37 161.67 81.47 37.05a 235.40a 103.70 80.29 116.55a 22.67 1.19
Annual grasses 0.09 0.00 0.00 5.67 5.20 5.16 138.06 54.90 2.39 43.21a 8.96 2.94
Biennial forbs 0.29 0.04 0.12 3.52 1.35 1.18 5.01 8.56 16.37 11.58 21.47 23.02
Perennial forbs 0.02 0.00 0.16 0.00 0.08 1.11 0.95 0.83 2.37 0.31 1.87 2.84
Perennial grasses 2.68 3.49 0.29 9.37 10.96 10.58 23.64 21.67 30.61 39.77 44.82 69.58
Shrubs 0.00 0.00 0.00 0.00 0.00 0.02 0.06 0.00 0.00 0.00 0.00 5.71
Unknown 1.17 2.70 0.27 0.41 0.00 0.13 0.05 0.07 0.07 0.08 0.00 0.00
Total plant 74.21 92.20 92.19 180.64a 99.05 55.23a 403.16a 189.73 132.10a 214.39a 109.22 105.28
Native species 2.61 2.50 0.45 9.83 11.59 11.93 11.86 22.00 31.28 28.46 56.48 66.55
Introduced species 70.43 87.01 91.48 170.40 87.46 43.17a 391.25a 167.65 100.74a 185.85a 52.74 38.74
Legumes 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.15 0.03 0.00 0.00
Average number

of species 6.50 5.25 5.00 11.25 11.25 10.75 18.25 15.00 15.25 18.50 21.50 17.25a

Litter mass 43.89 58.05 61.52 732.87 290.15 216.36 125.36 96.42 94.89 197.33a 101.85 98.54

Values are plot means (n 5 4) of oven-dried maximum biomass (g m22) for June and August samplings (except August only in 1993).
aTreatment means significantly different from the corresponding control mean at a 5 0.05 by using a Tukey’s Studentized Range test.
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plant N across all sites was detected in belowground
structures, and this root pool of N showed dramatic
increases during the wet spring of 1995 (Figure 1) at
all of the sites but was more pronounced at the
younger old-fields (Figure 5).

In addition to changes in the species composi-
tion of these plant communities with N manip-
ulations, we observed functional and structural
changes as suggested by altered above- and below-
ground plant community biomass (Figure 6). There

was a general positive response of aboveground
plant growth to N additions, especially at the early-
seral old-field (Figure 6). There were also differ-
ences in biomass allocation between the different
sites with early- and mid-seral communities having
most biomass aboveground, whereas the late-seral
and uncultivated communities allocated most bio-
mass belowground. Annual variation in total plant
biomass was also apparent. The wet spring of 1995
resulted in increased biomass (relative to 1994) at

Table 7. Annual Plant Production at the Mid-Seral Old-Field

1993 1994 1995 1996

High N Control Low N High N Control Low N High N Control Low N High N Control Low N

Annual forbs 27.16 16.93 10.38 14.05 28.63 20.55 16.13 57.69 56.84 140.80 82.58 29.52
Annual grasses 39.66 46.43 55.92 98.65 89.16 58.81 468.44a 248.61 127.06 60.08 19.18 15.04
Biennial forbs 0.00 0.90 0.00 0.32 1.15 4.12 3.48 6.63 1.12 1.61 9.93 4.63
Perennial forbs 17.16 8.94 12.02 6.20 8.52 24.07 4.74 7.23 27.93 14.96 23.11 27.73
Perennial grasses 5.54 37.90 13.99 20.45 67.94 16.48 13.19 52.16 18.80 76.81 61.12 48.99
Unknown 0.00 0.00 0.00 0.04 0.01 0.14 0.00 0.00 2.82 0.00 0.00 0.00
Total plant 89.51 111.09 92.31 139.70 195.40 124.15 507.21 372.31 234.57 294.25 195.92 125.91
Native species 24.27 34.21 27.23 28.10 35.84 38.64 18.75 69.15 41.54 103.95 89.86 69.73
Introduced species 65.24 76.88 65.09 111.57 159.56 85.38 488.46 303.16 190.22 190.30 106.06 56.18
Legumes 0.00 0.00 0.00 0.00 0.00 7.93 0.00 0.02 0.51 0.02 0.00 7.03
Average number

of species 6.50 7.75 7.00 10.25 7.25 10.50 9.00 13.00 13.50 10.00 15.00 11.25
Litter mass 163.16 131.12 258.99 328.49 312.86 411.56 214.27 149.66 295.91a 339.30 239.87 245.59

Values are plot means (n 5 4) of oven-dried maximum biomass (g m22) for June and August samplings (except August only in 1993).
aTreatment means significantly different from the corresponding control mean at a 5 0.05 by using a Tukey’s Studentized Range test.

Table 8. Annual Plant Production at the Late-Seral Old-Field

1993 1994 1995 1996

High N Control Low N High N Control Low N High N Control Low N High N Control Low N

Annual forbs 2.63 2.41 3.27 15.50a 5.94 1.95 70.47 7.98 0.34a 15.83 8.50 1.03
Annual grasses 0.00 0.00 0.00 14.40 0.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Biennial forbs 25.84 26.22 32.71 4.81 6.23 10.53 3.14 6.55 4.87 2.19 2.32 7.05
Perennial forbs 5.65 4.20 11.20 23.27 19.15 12.78 42.99a 19.45 12.85 47.71a 12.86 18.39
Perennial grasses 42.25 51.40 47.69 68.05 75.22 47.10 38.31a 59.47 33.87a 49.19 58.72 45.19
Shrubs 3.45 2.90 5.19 5.34 3.15 3.12 9.62 5.83 2.77 23.70 15.66 6.09
Succulents 5.29 7.26 0.05 7.22 6.77 4.10 5.55 7.84 5.02 9.90 2.50 2.64
Unknown 0.03 0.10 0.00 0.07 0.61 0.12 0.00 0.06 0.00 0.00 0.00 0.00
Total plant 85.12 94.48 100.09 138.64 117.72 79.68a 170.08 107.18 59.71a 148.52a 100.56 80.38
Native species 57.37 66.76 64.31 119.30 109.35 67.59 134.83 99.54 53.69 143.97 96.68 72.64
Introduced species 27.73 27.62 35.78 19.28 7.65 11.97 35.26 7.58 6.03 4.55 5.88 7.74
Legumes 26.43 26.43 33.68 6.16 6.81 12.94 4.45 6.96 5.33 4.74 2.42 10.40
Average number

of species 13.00 14.25 12.75 17.25a 21.75 20.00 22.25 21.25 17.25 22.00 21.50 18.75
Litter mass 36.22 38.14 33.59 471.15 396.48 294.62 84.20 73.39 48.62 61.47 48.29 40.77

Values are plot means (n 5 4) of oven-dried maximum biomass (g m22) for June and August samplings (except August only in 1993).
aTreatment means significantly different from the corresponding control mean at a 5 0.05 by using a Tukey’s Studentized Range test.
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all sites. This growth response was only apparent
below ground at the late-seral and uncultivated
sites.

DISCUSSION

N as a Regulator of Old-Field Succession
The pattern of old-field succession that we observed
in this study was similar to that reported by Costello
(1944) for this region. Our early-seral old-field was
initially dominated by annual forbs. By the fourth
year, it contained a mix of annual forbs, annual

grasses, and perennial grasses. The mid-seral old-
field in comparison was dominated by an annual
grass (B. tectorum) until the wet spring of 1995
(Figure 1) when it declined and was replaced by
annual forbs and perennial forbs and grasses (Figure
4). The late-seral old-field was dominated by peren-
nial grasses and did not appear to undergo any
major compositional changes during the study pe-
riod. The uncultivated reference site was dominated
by perennial grasses and succulents (Figure 4).

As measured by the relative abundance of annual
versus perennial species, the experimental reduc-

Table 9. Annual Plant Production at the Uncultivated Site

1993 1994 1995 1996

High N Control Low N High N Control Low N High N Control Low N High N Control Low N

Annual forbs 0.31 0.64 0.39 1.48 0.84 0.30 69.25a 19.01 2.39a 0.60a 0.13 0.04
Annual grasses 0.00 0.00 0.00 0.15 0.11 0.01a 11.17 4.02 0.15a 1.44 5.20 0.28a

Biennial forbs 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.06 0.00 0.00 0.02 0.00
Perennial forbs 0.92 2.78 0.66 3.57 4.52 3.13 7.33 7.46 14.73 1.44a 3.82 5.48
Perennial grasses 27.68a 33.87 31.14 46.34 40.93 43.96 43.93 37.18 29.38 51.60 58.23 38.73a

Shrubs 0.81a 3.07 0.40a 4.98 2.68 1.43 13.38 7.10 2.19 5.20 10.62 4.33
Succulents 64.92 95.40 57.06a 74.10 77.15 138.01 66.15 86.62 62.85 37.03 56.83 47.03
Unknown 0.07 0.00 0.00 0.02 0.02 0.00 0.46 0.00 0.10 0.00 0.00 0.00
Total plant 94.70 135.74 89.64a 130.64 126.23 186.83 211.69 161.44 111.78 97.31 134.84 95.88
Native species 94.63 135.74 89.64 130.59 126.18 186.83 210.81 161.33 111.65 97.23 134.83 95.87
Introduced species 0.00 0.00 0.00 0.03 0.04 0.00 0.43 0.12 0.04 0.08 0.01 0.01
Legumes 0.85 2.46 0.56 2.26 3.01 1.81 2.97 4.26 11.95 0.26a 1.67 3.21
Average number

of species 12.75 13.75 12.00 20.00 20.50 17.50 28.25 26.25 22.25 19.25 22.00 19.50
Lichens 17.63 22.23 19.81 14.16 17.84 23.53 10.44 21.97 15.68 1.53 9.35 7.92
Litter mass 16.13 45.84 31.24 78.83 144.89 134.18 81.55 81.87 155.28 87.42 100.65 88.71

Values are plot means (n 5 4) of oven-dried maximum biomass (g m22) for June and August samplings (except August only in 1993).
aTreatment means significantly different from the corresponding control mean at a 5 0.05 by using a Tukey’s Studentized Range test.

Figure 5. Nitrogen content
of roots and shoots for dif-
ferent treatments at three
old-fields and an unculti-
vated shortgrass steppe site
for five sampling dates be-
tween 1993 and 1995. As-
terisks indicate a treatment
mean that is significantly
different from the corre-
sponding control mean at
a 5 0.05 by using a Tukey’s
Studentized Range test.
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tion of available soil N resulted in increased rates of
succession at the early-, mid-, and late-seral old-
fields and minimized compositional instability at the
uncultivated site (Figure 4). Experimental increases
in N availability resulted in species composition in
all four communities shifting in the direction of
earlier seral conditions. These results are very simi-
lar to those of a comparable study conducted in a
semiarid shrubland in Western Colorado by McLen-
don and Redente (1992).

The changes in plant community composition in
treated plots correspond to a gradient of available
soil N that was detected by IER bags (Table 3). Given
the high levels of available N detected in the N
treated plots (relative to controls) and the low levels
of available N in the sucrose-treated plots, we
presume that N limitations occurred in the low-N
plots. In most cases, supplemental N resulted in
increased plant tissue N content (Figure 5) and
increased plant biomass (Figure 6), whereas sucrose
addition (low-N plots) tended to reduce plant bio-
mass (Figure 6) and N storage (Figure 5).

The observed increase in abundance of rapidly
growing annual plants with increasing N availabil-
ity, and their corresponding decrease with N reduc-
tion does not appear to simply be a result of
competitive displacement by slower-growing peren-
nials. Instead, the annuals appeared to loose domi-
nance when their strategy of high production of
aboveground biomass (Grime 1973; Shipley and
Peters 1990), as occurred in the wet spring of 1995
(Figures 4 and 6), resulted in increased incorpora-
tion of N into plant biomass (Figure 5). This rapid
growth and N uptake likely resulted in a depletion
of soil mineral N by the annuals. Supporting this
suggestion was the minimum mineral N detected in
IER bags during the wet spring of 1995 (seasonal
data not shown). The N-uptake efficiency of early-

seral plants relative to later-seral species also is
evidenced further by the trend of increased N
availability in N amended plots with site age (Table
3; this observation emphasizes the importance of
recognizing IER bags as an open system where plant
roots are competing with IER bags for mineral N so
that low recovery of N in IER bags can be inter-
preted either as low N supply or high N uptake by
vegetation). Because early-seral annual plants have
low root to shoot ratios relative to later-seral peren-
nials (Figure 6), the rapid depletion of N from their
root zone causes N to become insufficient to support
the high biomass production that they require to
dominate aboveground competition for light. The
result of experimentally reduced N availability was a
shift in plant community composition toward an
increase in slower-growing perennial species (Fig-
ure 4) with more extensive root systems (Figure 6)
that are better adapted to reduced N availability.

This shift in biomass allocation from aboveground
to belowground during community changes in these
old-fields (Figure 6) was coupled with shifts in soil
microbial community composition and responses to
N treatments (see Klein and others 1995, 1996,
1998). The microbial communities at the early- and
mid-seral old-fields, with primarily aboveground
plant biomass allocation (Figure 6), responded differ-
ently to N treatments than did the late-seral old-
field and the uncultivated sites (Klein and others
1996) where plant biomass allocation was primarily
belowground (Figure 6).

Our observations of plant community composi-
tion during the unusual spring of 1995 give further
insight into the importance of N availability in
controlling plant community dynamics. At the un-
cultivated site, this wet period coincided with the
appearance of a significant annual component that
was not present in other years (Figure 4). This

Figure 6. Plant community
biomass allocation (above
and below ground) at the
four sites subjected to N ma-
nipulations plus control
from 1993 through 1996.
Thin bars represent the stan-
dard error of the mean. As-
terisks indicate a treatment
mean that is significantly
different from the corre-
sponding control mean at
a 5 0.05 by using a Tukey’s
Studentized Range test.
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annual component of the community was even
more predominant in the N amended plots. How-
ever, the application of sucrose suppressed these
annuals (Figure 4). These observations suggest that
the appearance of weedy annual plants in the native
shortgrass steppe during wet periods may not be
entirely attributable to moisture availability as might
be assumed. Instead, there may be a moisture–N
availability relationship, with the control being wa-
ter limitation of microbes that perform N mineraliza-
tion or biological N2 fixation.

The changes in plant species composition shown
in Figure 4 for the younger old-fields can be attrib-
uted primarily to just a few plant species, the annual
forbs Lactuca scariola and Sisymbrium altissimum at
the early-seral old-field, and the annual grass B.
tectorum at the mid-seral old-field (Tables 6 and 7). B.
tectorum is an exotic annual grass that is an aggres-
sive invader and a major concern in the Western US
(Billings 1994; Monsen 1994; Pyke and Novak
1994; Young 1994). At the time that we began this
study, B. tectorum appeared to have just arrived at
the early-seral old-field and was the dominant
species at the mid-seral old-field. The mid-seral
old-field also was characterized by low rates of litter
decomposition (Figure 2), high litter mass (Figure
3), and very low active fungal biomass in soils
relative to the younger (early-seral) old-field (Klein
and others 1995, 1996, 1998). These observations
suggest that B. tectorum might increase its competi-
tive advantage and thus slow recovery by negatively
impacting the soil microbial community and
N-cycling processes. Such effects of B. tectorum on
the microbial community might be due to factors
such as soil shading by the dense litter layer result-
ing in lower soil temperature and decreased decom-
position, greater competition for moisture, or plant-
produced allomones. As a likely result of the wet
spring of 1995, annual litter decomposition rates
increased (Figure 2), the layer of accumulated litter
on the soil surface decreased (Figure 3), and B.
tectorum abundance sharply declined at the mid-
seral old-field (Figure 4 and Table 7) indicating that
the dense litter layer created by B. tectorum may be
important to its dominance of a site.

N Manipulation as a Management Tool
Reducing soil N availability caused the plant and soil
communities to take on later-seral characteristics,
whereas, increasing soil N availability caused plant
and soil communities to take on earlier-seral charac-
teristics. This suggests that N manipulation has
potential to be a useful tool for altering the rate and
course of old-field succession on similar abandoned
croplands. Morgan (1994) made a similar sugges-

tion based on N manipulation of tallgrass prairie in
Manitoba, Canada. Hastening the recovery of aban-
doned croplands to native shortgrass steppe has
many economic, environmental, and social ben-
efits, because later-seral shortgrass steppe is more
productive rangeland, is less susceptible to soil
erosion, and provides better wildlife habitat than
earlier-seral communities.

The application of sucrose, as was done in this
study, to large areas of abandoned croplands is not
an economically feasible option for hastening recov-
ery. However, the application of other materials that
have the potential to stimulate microbial growth
and immobilize mineral N might be feasible in
certain circumstances. We currently are evaluating
the feasibility of such materials in ongoing studies.
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