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Abstract 

Rangelands contain between 10 and 30% of global soil organic 
C reserves and may be an important sink for atmospheric CO2 
but less C tends to be stored in rangelands cultivated for agricul' 
tural use than undisturbed rangelands. Establishing perennial 
plant communities on formerly cultivated rangelands is expected 
to stabilize soil properties and increase the amount of C stored in 
rangeland soils, but there is little information on what plant com- 
munities are most effective at building soil C reserves. The pur- 
pose of this study was to compare soil C, N, and P pools in 
ungrazed native rangelands with ungrazed, unfertilized range- 
lands that were cultivated and then 1) abandoned, 2) seeded with 
non-native perennial grasses or legumes, or 3) cropped annually 
for 5 to 6 years. Three study sites in southern Alberta, Canada 
with native Stipa-Bouteloua, Stipa-Bouteloua-Agropyron and 
Festuca campestris plant communities represented the major eco- 
types of the Northern Great Plains. The total C, N, and P content 
of rangeland soils were greatest at the Festuca campestris site, 
followed by the Stipa-Bouteloua-Agropyron and Stipa-Bouteloua 
sites, probably due to climatic conditions (precipitation and tem- 
perature). Generally, soils under modified plant communities 
contained less total C and N than soils under native rangeland, 
but the total P content was related more to site preparation than 
experimental treatments. Soils under alfalfa, orchardgrass and 
bromegrass tended to have more total C and N than soils culti- 
vated annually in continuous wheat or wheat-fallow systems. The 
accumulation of C and N in soils under permanent cover was not 
related to net primary productivity and may be influenced more 
by the chemical composition and rate of decomposition of plant 
residues. 

Key Words: cultivated, introduced grasses, alfalfa, native range- 
land, total nutrients, extractable nutrients 

Grazing lands contain an estimated 10 to 30% of the world's 
soil organic C and, depending on how they are managed, have the 
potential to act as a significant sink of atmospheric CO2 
(Schuman et al. 2002, Lal 2002). A considerable portion of the 
rangeland in the Great Plains of North America was cultivated for 
agricultural use in the last 100+ years, causing a 24 to 60% reduc- 
tion in the soil organic C pool (Gebhart et al. 1994). Intense culti- 
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Resumen 

Los pastizales contienen entre 10 y 30% de las reservas glob- 
ales de C organico del suelo y pueden ser un importante deposito 
para el CO2 atmosferico, pero menos carbon tiende a ser alma- 
cenado en los pastizales cultivados para fines agricolas que en los 
pastizales sin disturbio. Se espera que el establecimiento de 
comunidades vegetales perennes en las tierras cultivadas que 
primeramente fueron pastizales estabilice las propiedades del 
suelo a incremente la cantidad de C almacenado en los suelos de 
pastizal, pero hay poca information sobre cuales comunidades 
de plantas son mas efectivas en crear las reservas de C del suelo. 
El objetivo de este estudio fue comparar las reservas de C, N y P 
en pastizales nativos sin apacentamiento contra pastizales sin 
apacentamiento ni fertilization que fueron cultivados y luego:1) 
abandonados, 2) sembrados con especies de zacates perennes o 
leguminosas no nativos y 3) cultivados anualmente por 5 o 6 
aios. El estudio se desarrollo en tres sitios en el sur de Alberta, 
Canada con comunidades de plantas nativas de Stipa-Bouteloua, 
Stipa-Bouteloua-Agropyron y Festuca campestris que represen- 
taron los principales ecotipos de las Grandes Planicies del Norte. 
El contenido total de C, N, y P de los suelos de pastizal fue mayor 
en el sitio de Festuca campestris, seguido por los sitios de Stipa- 
Bouteloua-Agropyron y Stipa-Bouteloua, probablemente debido a 
las condiciones climaticas (precipitation y temperatura). 
Generalmente los suelos bajo comunidades de plantas modifi- 
cadas contuvieron menos C y N total que los suelos de pastizal 
nativo, pero el contenido total de P se relaciono mas a la 
preparation del sitio que a los tratamientos experimentales. Los 
suelos con alfalfa, "Orchardgrass" y "Bromegrass"tendieron a 
tener mas C y N total que los suelos cultivados anualmente con 
los sistemas trigo continuo o trigo-descanso. La acumulacion de 
C y N en suelos con cubierta permanente no estuvo relacionada 
con la productividad primaria neta y puede estar influenciado 
mas por la composition quimica y la tasa de descomposicion de 
los residuos de plantas. 

vation (i.e., moldboard plowing) disrupts soil aggregates and 
fragments organic matter, accelerating decomposition, increasing 
microbial activity and stimulating the emission of CO2 from soils 
(Anderson and Coleman 1985, Burke et al. 1995). The C input 
from agricultural crops is generally lower than from rangeland 
plant communities because more of the above-ground biomass 
may be removed from the ecosystem and because annual crops 
produce less root biomass than perennial grasses (Burke et al. 
1995). Management practices that stabilize soil properties and 
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promote primary production in rangelands 
are expected to sequester more C and 
reduce CO2 emissions. 

There is growing interest in converting 
marginal and eroded cropland in the arid 
and semi-arid Great Plains into grasslands. 
If cropland is abandoned, it can take many 
years for native plant communities to 
reestablish. Dormaar et al. (1994) found 
that the vegetation in Stipa-Bouteloua 
community, cultivated for wheat produc- 
tion for 3 years and then abandoned and 
grazed, reverted to a community dominat- 
ed by Stipa comata, with very little 
Bouteloua gracilis. In the United States, 
native perennial grasses have been seeded 
on highly eroded cropland in the Great 
Plain states under the Conservation 
Reserve Program (Dunn et al. 1993). In 
other regions of the Great Plains, cultivat- 
ed land has been restored or improved by 
seeding monocultures or mixtures of non- 
native perennial grasses (Lawrence and 
Ratzlaff 1989). 

The establishment of permanent cover 
on formerly cultivated lands can quickly 
stabilize some soil properties, increasing 
water retention and reducing the quantities 
of sediments, nutrients and agrochemicals 
transported to surface waters within a few 
years (Dunn et al. 1993). It appears to take 
much longer for soil chemical and biologi- 
cal properties to recover after cultivation 
ceases. Dormaar and Smoliak (1985) 
reported that it took more than 50 years 
for the soil organic C content of aban- 
doned cropland to approach the level of 
native rangeland. Five years after estab- 
lishment of permanent grass cover, 
Gebhart et al. (1994) observed a 21% 
increase in soil organic C content in the 5 
to 10 cm soil depth, but there was signifi- 
cantly less organic C in formerly cultivat- 
ed land than native grasslands. In the first 
10 years after cropland was converted to 
grassland, Baer et al. (2000) found no 
change in the total C and N pools, but an 
increase in microbial biomass C and N 
pools. Total C and N, microbial biomass 
and mineralization potentials were lower 
in the recently established grasslands than 

native grassland (Baer et al. 2000). If we 
hope to increase C sequestration on for- 
merly cultivated lands in the Great Plains, 
we must first understand how cultivation 
has altered soil chemical and biochemical 
properties and then determine what man- 
agement practices will be most effective at 
building the soil organic C reserves. 

We examined selected soil characteris- 
tics at 3 sites along a climatic gradient in 
the Northern Great Plains. Between 5 and 
6 years earlier, native rangeland was culti- 
vated and then 1) abandoned, 2) seeded 
with non-native perennial grasses or 
legumes to establish a permanent cover, or 
3) converted to agricultural land for annu- 
al crop production. We hypothesized that 
the reserves of total C, N, and P would 
decline after cultivation, relative to native 
rangeland, but the decline would be lower 
in plots that were abandoned or planted 
with perennial plants than those plots that 
were cultivated repeatedly for annual crop 
production. We also hypothesized that the 
decline in total C, N, and P reserves after 
cultivation would be greater in the driest, 
hottest site where decomposition would be 
more rapid than at the site with more rain- 
fall and cooler soil temperatures. 
Extractable N and P pools were expected 
to be greater in cultivated soils than soils 
under permanent cover because we 
hypothesized that the roots of perennial 
crops had a greater capacity to remove N 
and P from the soil solution than the roots 
of annual crops. The objective of this 
study was to compare selected soil proper- 
ties of modified plant communities (mono- 
cultures of annual agronomic crops, peren- 
nial introduced grasses or a perennial 
introduced legume) with native plant com- 
munities in ungrazed, unfertilized range- 
land soils along a climatic gradient in the 
Northern Great Plains. 

Materials and Methods 

Site Description 
The study was conducted at 3 sites in 

southern Alberta, Canada that are repre- 

Table 1. Soil and vegetation characteristics, and mean annual precipitation at the study sites. 

sentative of major ecotypes of the 
Northern Great Plains. The sites were at 
the Agriculture and Agri-Food Canada 
Substation at Onefour, the Animal 
Diseases Research Institute (ADRI) near 
Lethbridge, and the Agriculture and Agri- 
Food Canada Substation west of Stavely 
in the Porcupine Hills. Information on the 
location (latitude/longitude), soil type, 
native plant community, and annual pre- 
cipitation of each site is provided in Table 
1. We refer to the sites by their native 
plant communities in this paper. 

Experimental Treatments 
In April 1993 (Stipa-Bouteloua- 

Agropyron and Festuca campestris) and 
April 1994 (Stipa-Bouteloua), 6 experi- 
mental treatments representing common 
production practices were established and 
compared with the native plant community 
in a randomized complete block design 
with 4 replicates. The experimental treat- 
ments (Table 2) were established in 3 x 10 
m plots after cultivating the plots with a 
moldboard plow and seeding with intro- 
duced grasses, alfalfa, or wheat. In the 
abandoned treatment, the native plant 
community was cultivated several times 
during the first summer and volunteer 
plants that emerged from live tillers were 
removed until the spring of the second 
year. The experimental treatments were 
enclosed with a 4-strand barbed-wire 
fence that excluded livestock. Native plant 
communities in the study area and site 
preparation have been described by Moss 
and Campbell (1947), Coupland (1961) 
and Dormaar and Willms (2000a). This 
study began in the spring of 1999, which 
was 6 years after the experimental treat- 
ments were established at the Stipa- 
Bouteloua-Agropyron and Festuca 
campestris sites and 5 years after the 
experiment began at the Stipa-Bouteloua 
site. 

Soil Analysis 
Soil samples were obtained from the Ah 

soil horizon (0 to 15-cm depth) of plots at 
the 3 sites in the spring and in the fall after 

Site Location Soil Classification 

Canada 

Native Vegetation 
Classification Precipitation 

Onefour 49° 07'N Orthic Brown Chernozem Haploboroll mm 
110° 29'W 

ADRI 49° 43'N Orthic Dark Brown Chernozem Haploboroll mm 
112° 57'W 

Stavely 50° 12'N Orthic Black Haploboroll campestris mm 
113° 57'W Chernozem 
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Table 2. Experimental treatments established at the study sites. 

Experimental Treatment Species/cultivar 
Stipa-Bouteloua and Stipa-Bouteloua-Agropyron sites Festuca campestris site 

Introduced grass #1 Crested wheatgrass (Agropyron cristatum L. Gaertn.) Smooth bromegrass (Bromus inermis Leyss.) 

Introduced grass #2 Russian wildrye (Elymus junceus Fisch.) Orchard grass (Dactylis glomerata L.) 

Alfalfa Medicago sativa L. "Beaver" 

Spring wheat (continuous) Triticum aestivum L. "Katepwa" 

Spring wheat/fallow rotation Triticum aestivum L. "Katepwa" 

Abandoned Native vegetation regrown after cultivation 

wheat harvest. In 1999, we collected sam- 
ples on 12 May and 28 September (Stipa- 
Bouteloua-Agropyron), 20 May and 29 
September (Stipa-Bouteloua) and 26 May 
and 30 September (Festuca campestris) 
whereas in 2000, we collected samples on 
28 April (Stipa-Bouteloua-Agropyron), 5 

May (Festuca campestris), and 19 May 
(Stipa-Bouteloua). Ten subsamples were 
collected from randomly selected loca- 
tions within each experimental plot with a 
soil probe (3.2 cm internal diameter), 
composited, sieved (< 2 mm mesh) and 
then stored in sealed polyethylene bags at 
4° C until analysis. Surface soil bulk den- 
sity was determined in the fall of 1999 
after harvest from undisturbed soil cores 
(3 cm length x 5.5 cm internal diameter) 
taken at the 0 to 3 cm depth. Bulk density 
(g oven-dried soil cm3) in each core was 
determined after drying at 105° C for 48 
hours (Blake and Hartge 1986). 

Inorganic N and extractable P were 
measured on field-moist soil samples 
within 3 weeks of arrival at the laboratory. 
Soil moisture content was determined 
gravimetrically (105° C for 48 hours) and 
all concentrations were expressed per 
gram of dry soil. Inorganic N (NH4-N and 
N03-N) was determined in 2M KC1 
extracts (1:5 soil:extractant) using the 
method of Maynard and Kalra (1993) and 
measured colorimetrically using the phen- 
ate and cadmium reduction-diazotization 
methods with a Technicon II flow-injec- 
tion autoanalyzer (Technicon Industrial 
Systems, Tarrytown, N.Y.). Extractable P 
was determined in Kelowna (O.OISM 
NH4F + 0.25M CH3000H) soil extracts 
(1:10 soil:extractant) based on Van Lierop 
(1988). Ortho-phosphate was measured 
colorimetrically by the ammonium molyb- 
date-ascorbic acid method (Murphy and 
Riley 1962) using a Technicon IV flow- 
injection autoanalyzer (Technicon 
Industrial Systems, Tarrytown, N.Y.). 

A portion of soil collected from each 
site in the fall of 1999 was oven-dried 
(105° C for 48 hours), finely ground, and 
analyzed for total C, N, and P. Total C and 
N was determined by combustion with a 

Carlo-Erba CN analyzer (Milano, Italy). 
Total P was determined on a 1-g soil sam- 
ple that was digested with H2SO4 and 
H2O2 with catalysts (LiSO4 and Se pow- 
der) at 360° C for 2.5 hours (Parkinson 
and Allen 1975). Following digestion, the 
samples were analyzed colorimetrically 
for ortho-phosphorus using the ammonium 
molybdate-ascorbic acid method (Murphy 
and Riley 1962) on a Technicon IV flow- 
injection auto analyzer (Technicon 
Industrial Systems, Tarrytown, N.Y.). 

Statistical Analysis 
Data were evaluated statistically by 

ANOVA in a general linear model using 
SAS software (Version 8.02 for Windows, 
SAS Institute Inc., Cary, N.C., USA). The 
effects of experimental treatments and 
sampling time within a site were evaluated 
with a two-way ANOVA and compared 
with a protected LSD test at the 95% con- 
fidence level. 

Results and Discussion 
Plant Yields 

Plant yields were measured at peak 
standing crop (late August to early 
September) each year from 1998 to 2000. 
A 0.25 m2 subplot was harvested from 
each experimental treatment at a different 
sampling location each year. Vegetation in 
the subplot was clipped to ground level 
using hand clippers and sorted into dead 
(previous years' production) and live plant 
biomass. Live plant biomass was oven- 
dried (60° C for 48 hours), and the above- 
ground net primary production (ANPP, 
was calculated on a g dry matter m 
basis. The net primary productivity (NPP) 
was estimated as follows: 

NPP = ANPPm + (ANPPm x R/S ratio) (1) 

where ANPPm is the mean aboveground 
net primary productivity and R/S ratio is 
the root to shoot ratio used to estimate root 
production during a growing season. 

Soil bulk density was lower in undis- 
turbed native rangeland than modified 
plant communities (Table 3). The bulk 
density tended to decline in plots with the 
same experimental treatment across sites, 
with Stipa-Bouteloua > Stipa-Bouteloua- 
Agropyron > Festuca campestris. Bulk 
density declines with increasing soil 
organic matter content because the quanti- 
ty of air-filled pore space increases. The 
relationships between bulk density (BD) 
and the total soil C (SC) content (g C kg 1) 

were: 
BD =1.385 - 0.0295 SC; R2 = 
0.5 1, n=30 Stipa-Bouteloua site (2) 

BD =1.469 - 0.0216 SC; R2= 

0.65, n=30 Stipa-Bouteloua- 
Agropyron site (3) 

BD= 1.537- 0.01 I 1 SC; 
R2 = 0.53, n=27 Festuca 
campestris site (4) 

Table 3. Soil bulk density (0 to 3 cm depth) under native rangeland and modified plant communi- 
ties in southern Alberta, Canada. Values are means ± standard errors. 

Treatment 

Native 
Crested wheatgrass 
Russian wildrye 
Smooth bromegrass 
Orchardgrass 
Alfalfa 
Continuous wheat 
Wheat-fallow 
Abandoned 

Stipa-Bouteloua Stipa-Bouteloua-Agropyron Festuca campestris 

- -------------------------------------(g cm3)------------------------------------- 
0.79 ± 0.02 0.51 0.04 0.08 

0.92 ± 0.05 0.81 ± 0.02 - 
0.89 ± 0.06 0.89 ± 0.02 - - - 0.62 ± 0.03 - - 0.59±0.04 
0.97 ± 0.05 0.85 ± 0.02 0.69 ± 0.04 

1.01 ± 0.05 0.99 ± 0.04 0.77 ± 0.02 

1.08±0.04 0.94±0.03 0.76±0.04 
0.91±0.06 0.83±0.01 0.60±0.03 
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These relationships are similar to those 
reported by Bauer and Black (1992) for 
cropped agroecosystems, grazed, and 
relict grasslands in North Dakota. The 
slopes of the regression lines between BD 
and soil organic C ranged from -0.0128 to 
-0.0212, depending on soil texture (Bauer 
and Black 1992). 

Total C, N, and P in soils 
The total C, N, and P content of range- 

land soils decline upon cultivation and it 
may take many years for soil nutrient 
pools to return to pre-cultivation levels 
(Dormaar and Smoliak 1985). To deter- 
mine whether net gains or losses of total 
C, N, and P have occurred in the soil pro- 
file on a kg ha' basis, it is necessary to 
collect soil samples to perhaps a 2-m 
depth and determine the nutrient content 
and bulk density of each soil layer sam- 
pled (Lal 2002). Since we did not collect 
this information, our discussion will focus 
on differences in the total and available 
nutrient contents (g kg' soil basis) in the 0 
to 15 cm layer of soils under native range- 
land and modified plant communities. 

Total C and N were significantly lower 
in soils under modified plant communities 
than native rangeland at the Stipa- 
Bouteloua and Stipa-Bouteloua- 
Agropyron sites, with the lowest total C 
and N contents in the continuous wheat 
and wheat-fallow treatments (Table 4). 
Soils under alfalfa had higher total C and 
N than the abandoned, continuous wheat, 
and wheat-fallow treatments at the Stipa- 
Bouteloua site, and a higher total C and N 
than the wheat-fallow treatment at the 
Stipa-Bouteloua-Agropyron site) (Table 
4). Alfalfa can fix N2 from the atmos- 
phere, and this external input of N could 
contribute to a higher soil N content under 
alfalfa than some other treatments at the 
Stipa-Bouteloua and Stipa-Bouteloua- 
Agropyron sites. The higher soil C content 
in the alfalfa treatment than some modi- 
fied plant communities was unexpected 

because our estimates suggest a lower 
NPP for alfalfa than most other plant com- 
munities (Table 5). The stabilization of C 
in soils is a complex process that depends 
on the activity of decomposers, primarily 
soil microorganisms. In most modified 
plant communities, microbial growth and 
biomass production may have been limited 
by N availability since no N fertilizers 
were added, but this was probably not the 
case in the alfalfa treatment. Nitrogen fix- 
ation in the alfalfa treatment could cause 
an increase in the microbial biomass, lead- 
ing to greater microbial activity and the 
production of C-containing compounds 
that become stabilized in soils (dead 
microbial cells, polysaccharides and other 
byproducts of microbial metabolism). 
Moore et al. (2000) found that microbial 
biomass C and N concentrations were 
greater in soil under alfalfa than soils 
under continuous corn or continuous soy- 
bean production. They attributed these dif- 
ferences to the type and quantity of organ- 
ic compounds released into the soil. 
Alfalfa residues (above-ground litter and 
dead roots) appeared to degrade more 
quickly than corn or soybean residues in 
the cropping systems examined. We 
would need to measure soil microbial bio- 
mass C and N pools and residue decompo- 
sition rates to determine whether these 
factors could explain differences in the 
soil C content of modified plant communi- 
ties at the Stipa-Bouteloua and Stipa- 
Bouteloua-Agropyron sites. 

The decline in total C and N in the 
wheat-fallow rotation compared to alfalfa 
was expected because the fallow phase of 
the rotation contributes little C through 
primary production and is cultivated, dis- 
rupting soil aggregates and accelerating C 
and N mineralization (Elliott 1986, 
Paustian et al. 1997). Soils under continu- 
ous wheat had less total C and N than soils 
under alfalfa at the Stipa-Bouteloua site, 
and less total N than soils under alfalfa at 
the Stipa-Bouteloua-Agropyron site. 

Although the net primary production 
(NPP) of the continuous wheat was similar 
to the NPP of alfalfa at the Stipa- 
Bouteloua site (Table 5), the net C input 
(C added in plant residues minus C02-C 
lost) from continuous wheat was probably 
lower than alfalfa because 35 to 45% of 
the above-ground biomass is removed 
when grain is harvested (Paustian et al. 
1997). At the Stipa-Bouteloua-Agropyron 
site, there was no difference in total C 
from soils under continuous wheat or 
alfalfa, but the NPP of wheat was more 
than double the NPP of alfalfa (Tables 4 
and 5). It was difficult to get an accurate 
estimate of ANPP in the alfalfa and wheat 
treatments at the Stipa-Bouteloua- 
Agropyron site because deer and rodents 
consumed some of the above-ground bio- 
mass before plant yields were taken. 
Better estimates of the NPP could improve 
our understanding of soil C dynamics at 
the Stipa-Bouteloua-Agropyron site. 

At the Festuca campestris site, soils 
under native rangeland and orchardgrass 
had generally higher total C and N than 
other monoculture grass or cultivated 
treatments (Table 4). The total C and N 
content of soils under orchardgrass were 
similar to native rangeland 6 years after 
the modified plant community was estab- 
lished, which suggests that orchardgrass 
can increase the soil C and N content 
much more rapidly than the other perenni- 
al communities investigated. There tended 
to be more NPP and total C in soils under 
orchardgrass than other modified plant 
communities, suggesting a higher net C 
input into soils from orchardgrass (Tables 
4 and 5). Orchardgrass has a higher root- 
to-shoot ratio than the native Festuca 
campestris vegetation or other modified 
plant communities (Table 5), and we pro- 
pose that root production and turnover was 
responsible for the increase in soil C con- 
tent under orchardgrass. We are not aware 
of other studies that show a more rapid 
increase in soil C pools under orchard- 

Table 4. Total C, N, and P in soils under native rangeland and modified plant communities in southern Alberta, Canada. 

Treatment Stipa-Bouteloua Stipa-Bouteloua-Agropyron campestris 

(g C kg 1) (g N kg') (mg P kg 1) C kg') N kg"') P kg1) C kg') N kg1) P kg 1) 

Native 21.6 2.08 346 42.4 4.00 575 101.4 8.70 907 
Crested wheatgrass 15.1 1.58 330 29.1 2.90 528 - - - 
Russian wildrye 14.8 1.55 326 28.0 2.81 524 - - - 
Smooth bromegrass - - - - - - 84.2 7.44 959 
Orchardgrass - - - - - - 96.6 8.27 981 
Alfalfa 15.8 1.70 333 29.7 3.03 521 83.8 7.35 889 
Continuous wheat 13.1 1.45 328 26.4 2.72 519 71.1 6.18 872 
Wheat-fallow 13.3 1.43 318 25.5 2.70 521 80.5 7.00 928 
Abandoned 13.9 1.50 315 29.1 2.93 538 81.3 7.15 910 

LSD (P < 0.05) 1.9 0.18 26 3.6 0.27 22 10.5 0.93 93 
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grass than other plant communities, and 
further work is needed to confirm our 
findings. 

Soils of the continuous wheat treatment 
at the Festuca campestris site had less 
total C than the orchardgrass, bromegrass 
and alfalfa treatments, and less total N 
than the orchardgrass, bromegrass, alfalfa 
and abandoned treatments (Table 4). 
However, only soils under orchardgrass 
had more total C and N than soils under 
the wheat-fallow treatment (Table 4). 
These results suggest that more C and N 
export occurred in the continuous wheat 
treatment, where grain was harvested and 
removed from the plots each year, than the 
wheat-fallow treatment. Weed biomass 
produced during the fallow phase was 
incorporated into the soil before the wheat 
crop was planted, which would add C and 
recycle the N taken up by weeds. 
Although differences in the total C and N 
content of soils may be related to differ- 
ences in the NPP of continuous wheat and 
wheat-fallow treatments, it was difficult to 
obtain good estimates of NPP for these 
treatments. Yields (mean ± standard error) 
in the continuous wheat treatment were 
199 ± 33 g m 2 in 1998, 830 ± 77 g m' in 
1999 and 108 ± 17 g m' in 2000, which 
led to considerable variability in the mean 
ANPP values in the continuous wheat and 
wheat-fallow treatments (Table 5). Our 
findings suggests a higher net C input into 
soils under wheat-fallow than continuous 
wheat at the Festuca campestris site, but 
better above-ground biomass measurements 
are needed to confirm this possibility. 

The total P content of soils varied little 
among experimental treatments. The total 
P content of soil was significantly higher 
in native rangeland than monoculture 
grass or cultivated treatments at the Stipa- 

Bouteloua-Agropyron site, but there was 
no difference in the total P content of 
native rangeland and most modified plant 
communities at the Stipa-Bouteloua and 
Festuca campestris sites (Table 4). Only a 
small proportion of the total P in soils is 
used for primary production, and it is 
recycled when plant residues are not 
exported from the site. Above-ground 
wheat biomass contains about 0.5% total P 
(Heyne 1987), and if grain was 45% of the 
above-ground biomass, then 4 to 9 kg P 
ha' would be removed from the continu- 
ous wheat and wheat-fallow treatments at 
harvest. This estimate is consistent with 
Campbell et al. (1997), who estimated 5.5 
to 11.6 kg P ha-' year' was exported in 
grain and hay from crop rotations in 
Saskatchewan. The few differences that 
emerged among experimental treatments 
are probably related to P removed in roots 
and soil when the sites were initially culti- 
vated and raked (Dormaar and Willms 
2000b). This finding is consistent with 
results from Elliott (1986), which showed 
that aggregate fractions contained less C, 
N and P when soils were cultivated than 
when they were left under native sod, but 
C and N losses from cultivated soils were 
much greater than P losses. 

Although the loss of total C and N in 
soils under the same experimental treat- 
ments, relative to native rangeland, was 
similar at the Stipa-Bouteloua and Stipa- 
Bouteloua-Agropyron sites, much less 
total C and N was lost from soils at the 
Festuca campestris site. For instance, soils 
under continuous wheat contained 
between 38 and 39% less total C than 
native rangeland at the Stipa-Bouteloua 
and Stipa-Bouteloua-Agropyron sites, but 
only 28% less total C than native range- 
land at the Festuca campestris site. These 

findings support our hypothesis that pro- 
portionately more C and N would be lost 
from the Stipa-Bouteloua and Stipa- 
Bouteloua-Agropyron sites than the 
Festuca campestris site due to climatic 
conditions (rainfall and temperature). 
Dormaar and Willms (1993) found that 
roots from blue grama and rough fescue 
grasses decomposed more rapidly at the 
Stipa-Bouteloua site than the Festuca 
campestris site. They proposed that 
greater fluctuations in soil temperature and 
moisture at the Stipa-Bouteloua site than 
the Festuca campestris site contributed to 
physical comminution of roots, exposing a 
larger surface area for microbial coloniza- 
tion and decomposition. Fluctuations in 
soil temperature and moisture, particularly 
those associated with wet-dry and freeze- 
thaw cycles, may also accelerate the 
breakdown and decomposition of surface 
litter and destabilize soil aggregates, 
increasing C and N mineralization 
(Paustian et al. 1997). 

The similarity in total C and N of soils 
under orchardgrass and native rangeland at 
the Festuca campestris site supports our 
hypothesis that recovery of total C and N 
in soils under permanent cover would 
occur more quickly at this site because it 
receives more rainfall and has cooler soil 
temperatures than the Stipa-Bouteloua and 
Stipa-Bouteloua-Agropyron sites. In 
ungrazed prairies, the restoration of total C 
and N in soils under introduced grasses to 
the levels found in native rangeland also 
depends on the net C and N inputs from 
plant litter (above- and below-ground bio- 
mass), which may not be directly related 
to NPP. Lutwick and Dormaar (1976) 
found that soil (0-15 cm depth) under blue 
grama contained 25 g C kg' whereas soil 
under rough fescue contained 111 g C kg', 

Table 5. Mean annual aboveground net primary productivity (ANPP), the root to shoot (R:S) ratio, and the estimated net primary productivity (NPP) 
in native rangeland and modified plant communities in southern Alberta, Canada. 

Treatment Stipa-Bouteloua Stipa-Bouteloua-Agropyron campestris 

ANPP' R: S ratio2 NPP NPP S ratio NPP 

(g m 2) (g m 2) (g m2) m2) m2) m 2) 

Native 108 ± 18 30 42 

Crested wheatgrass 206 ± 26 t 23 

Russian wildrye 170 ± 15 13 

Smooth bromegrass 280 ± 25 2.9 

Orchardgrass 196 ± 18 7.6 
Alfalfa 142 ± 37 18 55 

Continuous wheat 195 ± 39 57 100 

Wheat-fallow 186 ± 73 45 
Abandoned 160 ± 38 26 34 

Values are the means (± standard error) of ANPP (g dry matter m2) from 1998-2000 except the wheat-fallow treatment (mean ± standard error of ANPP from 1998-1999) 
2Root:shoot (R:S) ratios from the following sources: native/abandoned Stipa-Bouteloua/Stipa-Bouteloua-Agropyron rangeland (Dormaar and Smoliak 1985), native/abandoned 
Festuca campestris rangeland (J.F. Dormaar, personal communication), crested wheatgrass and Russian wildrye (Willms et al. 2001), smooth bromegrass and orchardgrass (W.D. 
Wilims, personal communication), alfalfa (Mapfumo et al. 1998), and wheat (Heyne 1987). 
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despite similar root biomass production. 
The net C input to soils is affected by the 
rate of decomposition of plant residues, 
and for the roots of rangeland plants, has 
been shown to depend on the C:N ratio, 
lignin and carbohydrate content of the 
residue (Herman et al. 1977). Further 
work is needed to verify the quantity and 
chemical composition of plant shoots and 
roots that enters the soils from modified 
plant communities to determine what pro- 
portions of C and N in plant litter are sta- 
bilized or lost from soils. 

Extractable N and P in soils 
We hypothesized that tillage would 

stimulate N and P mineralization, and 
therefore extractable N and P concentra- 
tions would be greater in cultivated soils 
than soils under perennial plant communi- 
ties. At the 3 sites examined, the inorganic 
N pool was larger in soils of the 2 cultivat- 
ed treatments (continuous wheat and 
wheat-fallow) than in soils under intro- 
duced grass monocultures at nearly all 
sampling dates (Fig. 1). There was more 
inorganic N in soils under alfalfa than 
introduced grass monocultures at most 
sampling dates in the Stipa-Bouteloua and 
Stipa-Bouteloua-Agropyron sites, possibly 
because some of the N2 fixed by the alfal- 
fa was released into the soil solution dur- 
ing normal plant development or at senes- 
cence (Simpson 1976). Although soils 
under native rangeland tended to have 
lower inorganic N concentrations than cul- 
tivated soils, they had similar inorganic N 
concentrations as soils under the intro- 
duced grasses (Fig. 1). There are 2 possi- 
ble explanations for this finding. One pos- 
sibility is that introduced grasses and the 
plant communities of native rangelands 
absorb more inorganic N from soil solu- 
tion than alfalfa or wheat. The fibrous root 
systems of introduced grasses and native 
plant communities could make them quite 
efficient at intercepting and absorbing 
NH4-N and N03-N from the soil solution. 
The other possibility is that N immobiliza- 
tion by microbial biomass was higher in 
treatments with introduced grasses and 
native plant communities than alfalfa or 
wheat. Measurements of N uptake by dif- 
ferent plant species and N immobilization 
by microorganisms under native and mod- 
ified plant communities are needed to 
understand our results. Inorganic N that is 
not used by plants or soil organisms could 
be lost to the environment in leachates, 
surface runoff and gaseous products. We 
expect that N losses would be highest 
from the continuous wheat and wheat-fal- 
low treatments, followed by the alfalfa 

Native prairie 

Experimental Treatments 

Crested wheatgrass Russian wildrye 

Wheat wheat Wheat fallow 

Spring 1999 

Spring 1999 

Spring 1999 

Bromegrass 

Fall 1999 

Stipa-Bouteloua-Agropyron 

a 

a 

Fall 1999 

Fall 1999 

Sampling Time 

Alfalfa 

Orchardgrass 

Spring 2000 

a 

Spring 2000 

Spring 2000 

Fig, 1. Inorganic N (NH4-N plus N03-N) concentrations in soils under native rangeland and 
modified plant communities at sites dominated by Stipa-Bouteloua, Stipa-Bouteloua- 
Agropyron and Festuca campestris vegetation. At each sampling date, mean values with the 
same letter are not significantly different at P < 0.05 (protected LSD test). 

treatment, and lowest from native range- 
land and the introduced grass treatments. 
Further work would be needed to quantify 
N losses from native rangeland and modi- 
fled plant communities. 

Extractable P concentrations in soils at 
the Stipa-Bouteloua and Stipa-Bouteloua- 
Agropyron sites did not vary among treat- 
ments, although the extractable P levels 
tended to be greater in the fall than spring 
samples (Fig. 2). Higher extractable P lev- 
els suggest that more P is present in forms 
available for plant uptake in the fall than 
spring, which may be due to rapid uptake 

of plant-available P in the spring that 
depletes the extractable P reserves 
(Dormaar 1972). Plant-available P may 
originate from organic P compounds, and 
the potential activity of phosphatases 
responsible for P mineralization in the 
Mixed and Fescue Prairies peaks in 
February and declines in the early spring, 
possibly due to enzyme deactivation dur- 
ing spring thaw (Dormaar et al. 1984). 
Phosphatase activity measured by Dormaar 
and Willms (2000a) in the modified plant 
communities at the Stipa-Bouteloua and 
Stipa-Bouteloua-Agropyron sites tended to 
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Native prairie 
e:= Wheat wheat 

Experimental Treatments 

Crested wheatgrass Russian wildrye 

® Wheat-fallow Bromegrass 
Alfalfa 

Orchardgrass 

ing for P sorption sites, dissolving precipi- 
tated P compounds, altering surface 
charge, or forming organo-mineral com- 
plexes with Al, Fe, and Ca (Traina et al. 
1986, Iyamuremye and Dick 1996, Ohno 
and Crannell 1996). This effect was not 
observed in cultivated soils at the other 2 
sites, probably due to differences in soil 
chemical and environmental conditions. 
Further research on the P dynamics of 
soils from the three sites will be required 
to explain the differences observed. 

Conclusions 
Spring 1999 

Spring 1999 

Fail 1999 

Fail 1999 

Spring 2000 

Spring 2000 

We conclude that production of annual 
agricultural crops on rangelands in tilled 
systems can deplete soil C and N reserves 
significantly. The establishment of peren- 
nial grasses or legumes on formerly culti- 
vated land can slow, or reverse, the deple- 
tion of soil C and N reserves. The stabi- 
lization or loss of soil C and N from modi- 
fied plant communities is affected by cli- 
mate (soil temperature and moisture) as 
well as the quantity and chemical charac- 
teristics of residues produced by plants. 
Differences in the total P content of soils 
under modified plant communities and 
native rangeland appeared to be related to 
the initial site preparation rather than 
experimental treatments or environmental 
factors. 
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campestris vegetation. At the Stipa-Bouteloua and Stipa-Bouteloua-Agropyron sites, there 
was no difference among treatments at each sampling date. At the Festuca campestris site, 
mean values with the same letter at each sampling date are not significantly different at P 
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