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Abstract

Sulfonylurea herbicides were used extensively for weed control
on Conservation Reserve Program (CRP) seedings, constituting
over 98% of the residual herbicides applied from 1986 -1990 in
southeastern Colorado. Differences in species establishment were
observed in CRP fields treated with sulfonylurea herbicides, sug-
gesting that soils and climatic variation alone did not fully
account for this establishment pattern. Impacts of 2 commonly
used sulfonylurea herbicides and 2 auxin herbicides on establish-
ment, inter - specific seedling competition and physiological
response under CRP field conditions were evaluated. Seeded
species were blue grama [Bouteloua gracilis ( Willd). Ex Kunth)
Lag. ex Griffiths], sideoats grama [Bouteloua curtipendula
(Michx.) Torr.], western wheatgrass [Pascopyrum smith; (Rydb.)
A. Love], switchgrass [Panicum virgatum L.], and sand dropseed
[Sporobolus cryptandrus (Torr.) Gray]. Sulfonylurea herbicide
application increased sideoats grama cover and live standing
crop as much as 43% over auxin herbicide and mowing treat-
ments, whereas switchgrass and western wheatgrass were
reduced up to 71% by sulfonylurea treatment. Switchgrass cover
was reduced by application of either sulfonylurea or auxin her-
bicides. Blue grama and sand dropseed were least affected by
herbicide treatment. Auxin herbicide treatment resulted in 70%
increases in plant diversity for seeded species and total plant
community over sulfonylurea treatment, primarily attributable
to increased frequency of annual forbs. Serai stage was more
advanced under sulfonylurea treatment, however, because of
increased frequency, cover and live standing crop of perennial
forbs, grasses, and half- shrubs.

Key Words: weed control, restoration, secondary succession,
seedling competition, metsulfuron, chlorsulfuron, Conservation
Reserve Program

The Conservation Reserve Program (CRP) was established in
1985 as Subtitle D of Conservation Title XII of the Food Security
Act (Public Law 99 -198, also known as the "Farm Bill ") (Jones
et al. 1997). Through enrollment in this program, CRP partici-
pants were provided with an annual rental payment plus cost -
share to assist in the establishment of permanent vegetative
cover, in exchange for retiring highly erodible or environmentally
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Resumen

Los herbicidas de sulfonilurea se usaron extensivamente para
el control de maleza en las siembras del Programa de
Conservación de Reserva (CRP), constituyendo mas del 98% de
los herbicidas residuales aplicados de 1986 a 1990 en el sudeste
de Colorado. En los terrenos del CRP tratados con herbicidas de
sulfonilurea se observaron diferencias en el establecimiento de
especies, sugiriendo que los suelos y las variaciones climáticas
por si solas no explican totalmente este patrón de establecimien-
to. Se evaluaron los impactos de 2 de herbicidas de sulfonilurea
comúnmente utilizados y 2 herbicidas de auxina en el establec-
imiento, competencia interespecifica y respuesta fisiológica bajo
condiciones de campo en terrenos del CRP. Las especies sem-
bradas fueron "Blue grama" [Bouteloua gracilis (Willd). Ex
Kunth) Lag. ex Griffiths], "Sideoats grama" [Bouteloua curtipen-
dula (Michx.) Torr.], "Western wheatgrass" [Pascopyrum smithii
(Rydb.) A. Love], "Switchgrass" [Panicum virgatum L.] y "Sand
dropseed" [Sporobolus cryptandrus (Torr.) Gray]. La aplicación
de herbicidas de sulfonilurea incrementaron la cobertura de
"Sideoats grama "y su biomasa viva en pie en 43% más que los
herbicidas de auxina y los tratamientos de segado, mientras que
el "Switchgrass y "Western wheatgrass" fueron reducidos hasta
71% por los herbicidas de sulfonilurea. La cobertura de
"Switchgrass "se redujo tanto por la aplicación de herbicidas de
sulfonilurea como los de auxina. El "Blue grama" y "Sand
dropseed "fueron los menos afectados por los tratamientos de
herbicidas. El tratamiento de herbicidas de auxina resulto en un
aumento del 70% de la diversidad de plantas de las especies sem-
bradas y de la comunidad vegetal total sobre los herbicidas de
sulfonilurea., esto es atribuible principalmente a un aumento en
la frecuencia de hierbas anuales. El estado serai fue más avanza-
do bajo los tratamientos de herbicidas de sulfonilurea esto
debido al incremento en la frecuencia, cobertura y biomasa viva
en pie de las hierbas perennes, zacates y semi - arbustos.

sensitive cropland for 10 years (Osborn et al. 1995, Riddel et al.
1994). In Colorado, approximately 0.8 million hectares of crop-
land were enrolled in the CRP through 1990.

The difficulties of establishing perennial grasses on cultivated
lands in eastern Colorado have been thoroughly documented
(Wilson and Briske 1979, Hyder et al. 1971). Determination of
species mixture combinations that promote similar seedling sur-
vival rates for all species in the mixture, however, has received
much less study. Similarly, seedling ecology and competitive
relationships among native species when seeded in common mix-
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tures have not been well documented,
especially in response to management
inputs (Francis and Pyke 1997, Kline and
Howell 1987).

In addition to knowledge gaps on
seedling ecology and competitive relation-
ships among seeded species, few studies
have documented the long -term effects of
herbicide application in terms of establish-
ment and productivity of seeded native
grasses. Herbicides having amino acid
(acetolactase synthase; ALS) inhibition as
their primary mode of action (Zimdahl
1993) are receiving increased use in this
regard. These applications include use of
herbicides such as chlorsulfuron { 2-
chloro -N -[ [(4- methoxy -6- methyl - 1,3,5 -tri-
azin-2-yl)amino]carbonyl]benzene sulfon-
amide!, metsulfuron {2-[[[[(4- methoxy -6-
methyl- 1,3,5- triazin- 2- yl)amino]car-
bonyl]amino]sulfonyl] benzoic acid}, sul-
fometuron { 2-[[[[(4,6- dimethyl - pyrim-
idinyl)amino]carbonyl] -amino ]sulfonyl]ben-
zoic acid}, clopyralid { 3,6- dichloro -2 -pyri-
dine carboxylic acid! and imazapyr { ( ±)-
2-[4,5- dihydro -4- methyl -4 -(1-
methylethyl)-5-oxo- 1H imidazol-2-yl]-3-
pyridinecarboxylic acid } (Whitson and
Koch 1998, Ferrell et al. 1998, Lym
1998).

These studies primarily addressed
impacts on cool season, introduced grass
establishment and production. Addition-
ally, research emphasized performance of
grasses in single species trials, rather than
in mixtures allowing simultaneous study
of the influence of interspecific competi-
tion on herbicide treatment response.
Research of this latter type also has rarely
been conducted on native, warm- season
grasses.

Sulfonylurea herbicides were used
extensively on Kiowa County, Colo. CRP
seedings, constituting over 98% of the
residual herbicides applied. Wide disparity
in establishment between species and
greater dominance of sideoats grama
[Bouteloua curtipendula (Michx.) Torr.;
BOCU]' observed in CRP fields treated
with sulfonylurea herbicides suggests that
soils and climatic variation alone do not
fully account for these results.
Comprehensive field research in the west-
ern Great Plains region evaluating long-
term response of cool- and warm- season,
native seeded grasses to sulfonylurea
chemistry (with recent labeling for revege-
tation uses) has not been documented. The
objective of this research was to evaluate

'Common and scientific names for plants accord-
ing to nomenclature from the USDA -NRCS
PLANTS Database (USDA,NRCS 2001).

the impact of 2 commonly used sulfony-
lurea residual herbicides in comparison
with 2 auxin herbicides on establishment,
inter specific seedling competition and
physiological response under CRP field
conditions.

Materials and Methods

Study Area
The research was conducted in Kiowa

County in southeastern Colorado (County
Seat: Eads, 38.48° N 102.78° W). Mean
annual precipitation ranges from 30.5 cm
in the southwestern portion of the county
to 40.6 cm in the northeastern portion.
Approximately 77% or 28.5 cm of the
total annual precipitation falls in the form
of rain during the mean 160 -day growing
season of late April through September
(Anderson et al. 1981). The 1986 -87 seed-
ing year was an extremely favorable year,
with annual (January December, 1987)
precipitation 35.4% above the long -term
mean annual precipitation. In contrast, the
1987 -88 seeding year was unfavorably
dry, with annual precipitation 10.5%
below the long -term annual mean. Mean
monthly air temperatures for the 2 seeding
years were near the long -term mean.

Comprehensive data covering all aspects
of planned and applied CRP seeding tech-
nology were compiled for all CRP fields
and entered into a database using CRP
contracts on file with the Natural
Resources Conservation Service (NRCS)
in Kiowa County. Data were obtained
directly from 401 CRP contracts county-
wide, representing 843 fields and 70,870
ha. Field size ranged from 0.7 to 207.3 ha,
with a mean field size of 33.6 ha. Field
data collection was conducted from June,
1994 through January, 1995, yielding veg-
etative stand ages of 7 and 8 years for the
1987 -88 and 1986 -87 seeding years,
respectively.

Herbicide Chemistry and
Application Rates

Three categories were inclusive of all
weed control practices applied: a) mowing
(non- herbicide control); b) non - residual
growth regulator (auxin) herbicides only;
and c) residual (sulfonylurea) herbicides
only. Mowing was conducted as a non
herbicide option to prevent viable weed
seed formation and reduce competition
with seeded vegetation, with repeat appli-
cations as necessary during the growing
season. Auxin herbicides (hormonal plant
growth inhibitor) included butyl ester,
low- volatile ester, and amine formulations

of 2,4 -D { (2,4- dichlorophenoxy)acetic
acid}, and the benzoic acid dicamba {3,6-
dichloro-2-methoxybenzoic acid } . These
herbicides were applied primarily in tank -
mix combinations, with few applications
of 2,4 -D alone and no applications of
dicamba alone. Typical labeled application
rates were 0.56 -0.84 kg ha' (0.5 -0.75 lb
ac') and 0.14-0.22 kg ha' (0.125 -0.25 lb
ac') for 2,4 -D and dicamba, respectively.
Timing of application was typically post -
emergence during early vegetative weed
growth stages.

Residual herbicides were of sulfonylurea
herbicide chemistry, which included met-
sulfuron and chlorsulfuron. Metsulfuron {2-
[[[[(4-methoxy-6- methyl -1 ,3,5- triazin -2-
yl)amino]carbonyl] amino] - sulfonyl ] benzoic
acid} (ALLYTM, ESCORTTM) exhibits
both foliar contact and residual soil activi-
ty, with short-to- moderate residual life in
the soil, exhibiting a mean field half -life of
approximately 30 days (range of 1 -6
weeks) (Brown and Cotterman 1994,
Wauchope et al. 1992).

Chlorsulfuron { 2- chloro -N -[[( 4-
methoxy-6- methyl 1,3,5 triazin -2-
yl)amino ]carbonyl]benzene 5 sulfon-
amide! (GLEANTM, TELARTM) is a corn-
pound very similar in mechanism of action
to metsulfuron. Chlorsulfuron relies more
heavily on root uptake than metsulfuron,
having less foliar contact activity and being
more dependent on soil moisture to acti-
vate, release and mobilize the chemical
within the root zone (Walker et al. 1989).
Chlorsulfuron exhibits longer residual soil
activity, with a mean field half -life of
approximately 40 days (range of 4 -7
weeks), although chlorsulfuron residues
may remain in the soil and injure suscepti-
ble plants for 1-4 years after application in
high pH ( >7.5) soils (Brown and Cotterman
1994, Wauchope et al. 1992, Walker et al.
1989, Beyer et al. 1988). Metsulfuron was
applied post- emergence at the labeled rate
of 7.0 g ha' (0.1 oz ac'). Chlorsulfuron was
applied primarily pre -plant (late fall or early
winter) at the labeled rate of 23.1 g ha (0.33
oz ac').

Species Selection
Five grass species were evaluated for

establishment success in relation to the
effects of herbicide application: blue
grama [Bouteloua gracilis (Willd. ex
Kunth) Lag. ex Griffiths; BOGR2],
sideoats grama [BOCU], western wheat
grass [Pascopyrum smithii (Rydb.) A.
Love; PASM], switchgrass [Panicum vir-
gatum L.; PAVI2], and sand dropseed
[Sporobolus cryptandrus (Torr.) Gray;
SPCR]. All CRP seedings were applied as
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mixtures of at least 3 species to maximize
vegetative stand establishment success and
minimize potential impacts of adverse
weather, disease, or insect damage on any-
one species. Western wheatgrass was
included rarely and only in small amounts
in seed mixtures applied to sandy soils
(sandy loam, loamy sand) in Kiowa County.
As a result of insufficient sample size for
seedings of western wheatgrass on these
sandy soils, this species was evaluated only
on loam soils (loam, silt loam). Non - seeded
species were also identified and recorded
during the vegetation sampling.

Establishment (Response) Variables
Response variables were above ground

plant attributes considered useful for mon-
itoring degree of seeding establishment
success, productivity, vigor and persistence
(competitive ability) (Bonham 1989,
McGinnies et al. 1988, Cook and
Stubbendieck 1986). Spatial and production
variables included cover measurements
[bare ground, litter, basal and canopy; ( %)],
and live standing crop (kg ha-1). Vigor vari-
ables included mean leaf height (cm), inflo-
rescence count (no), and inflorescence
height (em). Litter was subdivided into per-
sistent litter (dead plant material that was
still attached to the plant crown and main-
taining an erect or semi -erect orientation
above the soil surface), and non persistent
litter (dead plant material lying flat on the
soil surface and unattached to any plant
crown).

A diversity index was computed to pro-
vide estimates of vegetative biodiversity.
A modification of Simpson's Index
(Simpson 1949) was used such that:
where:

s

D = 1 - E(Pi)2
i=1

(1)

D = diversity index indicating the proba-
bility of picking 2 plants at random
from a plant community (population)
that are different species (scale of
0-1)

P¡ = the proportion of individuals of
species i in a community of s species.

Species proportions (Pi) for use in the
Simpson's Index were taken from basal
cover percentages converted to relative
frequency percentages from the transect
point - samples. Indices were computed to
provide estimates of diversity for 2 nested
plant communities: seeded species only,
and all species encountered (seeded and
non - seeded).

Field Sampling Methods
Point sampling was performed in each

sampled CRP field for all cover variables
along 4 randomly located 25 -meter tran-
sects at 0.5 -meter intervals, yielding 50
sample points per transect. Live standing
crop, mean leaf height, mean inflorescence
count, and mean inflorescence height were
measured using 1.0 m2 quadrats placed at
2 random locations along each transect.
All species (seeded and non seeded) with-
in the quadrat frame were individually
harvested at approximately a 2.5 cm
height above the soil or plant pedestal sur-
face. The material was air -dried for 2
weeks under ambient air conditions. Leaf
and inflorescence height were measured
from the soil surface to the top of the pre-
dominant height grouping for each plant
organ. Current year inflorescences were
counted for each seeded species, typically
at expansion stage or later. Total sample
size was n = 240 transects (60 fields;
12,000 sample points, 480 1.0 m2
quadrats).

Statistical Analysis
Univariate and multivariate statistical

analysis procedures were applied to the
data to test for significance of dependent
variable responses to treatment for single
species and species groups (plant commu-
nities), respectively. The analyses were
conducted in accordance with univariate
procedures described in Gomez and
Gomez (1984) and Steel and Tome (1980),
and multivariate procedures described in
Manly (1994) and Afifi and Clark(1984).
The BMDP statistical software package
(BMDP Statistical Software, Inc., Los
Angeles, Calif.; Dixon 1992) was used to
perform all statistical analyses.

Three -way (3 x 2 x 2) factorial analysis
of variance (ANOVA; BMDP -2V) was
used to evaluate herbicide main effect and
interactions with soil texture and seeding
year. Fisher's Protected LSD (Steel and
Torne 1980) was used for mean separa-
tions (P = 0.05). To minimize variance of
a treatment mean, sample size can be
increased or the variance in the sampled
population controlled (Steel and Torrie
1980). In an observational study such as
this where initial experimental design
could not be controlled, covariates that
had probability of affecting treatment out-
comes were identified and evaluated for
contribution to treatment effects through
ANOVA procedures. These covariates
included cover crop type, preparatory
tillage, drill type /equipment, grass culti-
var, major land resource area (precipita-
tion zone), seeding season, PLS seed qual-

ity, species mixture composition, and prior
field erosion history. Initial runs of
ANOVA for each species /cover type and
response variable included all covariates.
Covariates that were shown to have
insignificant correlations (P > 0.05) with
the response variable were pooled with the
error term. The ANOVA was then repeat-
ed until only covariates showing consis-
tent, significant correlation with the
response variable remained for final statis-
tical adjustment of herbicide treatment
means.

Multivariate procedures analyzed
responses to herbicide treatment using
plant community attributes (i.e., multiple
species and response variables evaluated
simultaneously under a common Type -I
error). Multivariate analyses included qua-
dratic discriminant analysis (BMDP 5M)
and stepwise linear discriminant analysis
(BMDP -7M). Quadratic discriminant
analysis (QDA), similar in nature to multi-
variate ANOVA, was used to evaluate
group differences between treatment lev-
els as an initial screening procedure to
determine true treatment differences
employing all possible variables (Dixon
1992, Afifi and Clark 1984). Discriminant
analysis procedures utilize F - statistics for
tests of group mean differences, and thus
are considered relatively robust in relation
to data normality and homogeneity of
variance (Bonham 1992). Mahalanobis D2
values and matrix Approximate F- values
with associated probability (P) values
generated by the discriminant analysis
were used to determine significance of dif-
ferences for pairwise comparisons of
group treatment means. Mahalanobis dis-
tances are algebraic representations of the
relative means of squared distances of
each case (sample) from the mean of all
cases as grouped by SDA (Dixon 1992).
Initial treatment groupings that were not
significantly different were pooled and the
analysis repeated on the modified data set
until all remaining groups were signifi-
cantly different at P < 0.05.

Stepwise linear discriminant and canoni-
cal analysis (BMDP -7M) were performed
to reduce the number of response variables
needed to account for the majority of the
variation. These procedures were used to
detect differences between treatments
using dependent variables combined as
multivariate groupings. Multivariate tests
evaluate treatment differences based on
multi dimensional group means, limiting
the probability of type I error to the test as
a whole regardless of number of variables.
These tests also provide greater power to
detect treatment response differences in
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multiple plant community attributes
(Manly 1994).

Canonical variates representing inde-
pendent, linear combinations of response
variable subsets (similar to multiple linear
correlation equations) were generated by
the analysis to provide 2- dimensional foci
for final multivariate treatment groupings,
and to illustrate extent of mean group
separations. These equations can also
serve as variable groupings for classifica-
tion of new cases (samples) into group
association when prior treatment is
unknown (Afifi and Clark 1984,
McLendon and Dahl 1983). Standardized
correlation coefficients were used to illus-
trate the magnitude of canonical variate
loadings for each of the selected response
variables, to provide maximum discrimi-
nant power among groups, and enable
maximum multiple correlation (R2) with
the independent variable (herbicide treat-
ment type) (Afifi and Clark 1984). Plots
(with 95% confidence intervals,
Mahalanobis D2 values, and Approximate
F- values) of the first 2 canonical variates
were used to graphically depict final treat-
ment groupings.

Results

Univariate Analysis
Metsulfuron and chlorsulfuron were

grouped as a common methodology and
treatment type because of: 1) their closely
related sulfonylurea (SU) chemistry and
modes of action; 2) anticipated similar
response to soil environmental variables of
moisture, temperature, clay content and
pH; 3) their observed similar impact on
seeded species composition; and 4) little
difference in actual effect upon seeded
grasses when analyzed separately using
ANOVA with covariate analysis. Results
of the analysis were consistent with the
behavior of the SU herbicides as a
grouped class. Therefore, it was not con-
sidered necessary or effective to split the 2
SU herbicides for evaluation of herbicide
treatment effect in comparison with auxins
and mowing. Seeded species responded
differently to herbicide treatment for most
response variables (Fig. 1). Sideoats
grama exhibited positive responses to sul-
fonylurea herbicide treatment, with
increases ranging from 14% to 43% over
auxin and mowing treatment for basal and
canopy cover, live standing crop, and live
standing crop as percent relative composi-
tion of total seeded live standing crop.

Switchgrass and western wheatgrass
were adversely affected by sulfonylurea
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Fig. 1. Herbicide and mowing treatment means for the 5 study species for cover, live stand-
ing crop, and plant vigor variables. Bar sets with different letters within a species are sig-
nificantly different at the P < 0.05 Ievel using Fisher's Protected LSD mean separation.
Absence of letters indicates no differences. Inflorescence count and inflorescence height
were not evaluated for western wheatgrass (PASM). Vigor variables were not evaluated
for sand dropseed (SPCR).

herbicide application, contrary to the
hypothesis that sulfonylurea herbicide
treatment would benefit all seeded species.
Western wheatgrass canopy cover, live
standing crop, and relative composition
(based on live standing crop) were
reduced under sulfonylurea herbicide
treatment, ranging from 37 -39 %, 42 -49 %,
and 49 -55 %, respectively, below auxin or
mowing treatments (Fig. 1). Switchgrass
incurred severe adverse impacts under sul-
fonylurea herbicide use, producing stand
reductions ranging from 61-71%, 51 -69 %,
28 -47 %, and 27 -32% for basal cover,
canopy cover, live standing crop, and rela-
tive composition, respectively. Auxin her-
bicides also significantly reduced basal
cover and canopy cover for switchgrass
compared to mowing.

Few differences between herbicide treat-
ments were detected for responses of blue
grama and sand dropseed (Fig. 1). Blue
grama exhibited small increases in live
standing crop and relative composition
(based on live standing crop) when mow-
ing was applied, while sand dropseed
responded positively to herbicide treat-
ment for canopy cover only. The high
degree of variability in these 2 species,
resulting from poor or erratic establish-
ment across all treatments, may have pre-
cluded additional treatment differences.

Auxin herbicide treatments produced
few univariate differences in basal and
canopy cover and live standing crop com-
pared to mowing for most species (Fig. 1).
Where differences existed between these 2
treatments, results were variable. Auxin
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Table 1. Univariate effeets of herbicide treatment for the total plant community.

Response
Variabler

Treatment
Typet

Cover Type

Bare
Ground

Non
Persistent

Litter
Persistent

Litter
Seeded
Species

All
Species

BC ( %) SU 22.4 a3 37.9 a 25.9 b 26.3 b
AU 28.9 b 36.1 a 23.9 ab 27.1 b
MOW 32.4 b 35.3 a 22.3 a 23.1 a

CC ( %) SU 13.5 b 70.8 b 74.9 b
AU 9.3 a 65.9 a 68.4 a
MOW 10.1 a 64.2 a 69.6 a

LSC SU 1525.3 b 1576.0 b
(kg ha-1) AU 1420.6 b 1450.4 b

MOW 1213.2 a 1283.9 a
DI SU 0.27 a 0.29 a

AU 0.46 c 0.48 b
MOW 0.38 b 0.44 b

'variable code key: BC = basal cover; CC = canopy cover; LSC = live standing crop; DI = diversity index.
/Treatment code key: SU = sulfonylurea herbicide; AU = auxin herbicide; MOW = mowing.
3Means with different letters within a cover type for a given response variable are significantly different at the P= 0.05
level of significance using LSD mean separation.

herbicides proved detrimental to sideoats
grama and switchgrass canopy cover (12%
and 36% reduction, respectively), whereas
both auxin and sulfonylurea herbicides
increased sand dropseed canopy cover.
Decreased canopy cover for sideoats
grama under auxin herbicide treatment
was not reflected in live standing crop,
however. Basal cover exhibited the least
response to all herbicide treatments across
species.

For vigor variables of leaf height, inflo-
rescence height and inflorescence count,
the impact of sulfonylurea herbicides was
much reduced (Fig. 1). Sulfonylurea herbi-
cides diminished inflorescence height for
sideoats grama, and reduced inflorescence
count only for blue grama. Responses of
vigor variables to sulfonylurea herbicides
for all other seeded species generally
were not different from auxin herbicides
and mowing.

Treatment differences among total cover
and production variables for the plant
community (seeded species only, and all
species combined) corresponded closely to
univariate results for sideoats grama alone
(Table 1). Sulfonylurea herbicide treat-
ment significantly reduced bare ground,
arid increased persistent litter, basal cover,
and canopy cover of the plant community
compared to auxin herbicides and mow-
ing. Reductions in bare ground of 31%
and 11% over auxin and mowing, respec-
tively, resulted from sulfonylurea herbi-
cide treatment, while canopy cover
increased by 10% over non - sulfonylurea
treatments. Non - persistent litter was unaf-
fected by herbicide treatment. Live stand-
ing crop responded positively to herbicide
treatment in general (in comparison to
mowing for seeded species and the total
plant community).

Diversity index (DI) was increased for
seeded species and all species under non
sulfonylurea herbicide treatment (Table 1).
Sulfonylurea herbicide treatment resulted
in the least plant diversity among seeded
species and for the total plant community,
attributed primarily to the dominance of
sideoats grama under this treatment.
Auxin herbicide treatment resulted in 70%
and 66% increases in diversity over sul-
fonylurea herbicide treatments for seeded
species and all species combined, respec-
tively. Both number of species and fre-
quency of occurrence of non seeded
species encountered were consistently
highest in fields not treated with sulfony-
lurea herbicides. Although species diversi-
ty was increased for all species combined,
proportional increase remained essentially
the same as with seeded species only,
largely because of the effect of increased
diversity of the seeded species.

Multivariate Analysis
Quadratic discriminant analysis (QDA)

revealed more numerous and consistent
differences among the herbicide and mow-
ing treatments than resulted from univari-
ate analysis of plant community totals
alone. Stepwise linear discriminant analy-
sis (SDA) was employed subsequent to
QDA to detect treatment differences using
a reduced subset of response variables that
serve as key indicators of multivariate
treatment response. The SDA procedure
selects these reduced subset variables
based on their representation of the major-
ity of variability in multivariate response
to treatment. The results of QDA indicated
that analysis of individual seed mixtures
did not increase our ability to detect differ-

ences between group responses. Therefore,
SDA was applied only to response variable
subsets without regard to seed mixture
composition. Analysis of response variable
classes (i.e. basal cover, canopy cover, live
standing crop) was retained in order to
assess similarity of minimum variable sets
selected by SDA across these classes.

Highly significant differences were
detected between all 3 treatments for all
variable subsets except live standing crop
(Fig. 2). Multivariate group (2- dimension-
al) means represented by the first 2 canon-
ical variates generated from the SDA are
depicted for each variable subset class.
The first canonical variate provides the
most interpretive meaning of the discrimi-
nant analysis because it accounts for the
majority of the variability of the multivari-
ate observations (Afifi andClark 1984).
Although relative Mahalanobis D2 dis-
tances between multivariate group means
differed somewhat between evaluation
scenarios (variable subsets), relative mag-
nitudes (or relationships) of D2 distances
between groups remained similar. No
group differences were detected between
auxin herbicide and mowing treatments
for live standing crop.

Sideoats grama basal and canopy cover
and live standing crop, and total plant
community bare ground consistently
received highest canonical variate load-
ings for the first canonical variate, and
highest F- values for inclusion as indicator
variables used to distinguish treatment dif-
ferences. As illustrated in Figure 2, sepa-
ration of sulfonylurea herbicide treatment
effects from those of auxin herbicide and
mowing was revealed by the first canonical
variate. This separation relies primarily on
the aforementioned sideoats grama/bare
ground contrast, where sulfonylurea herbi-
cide treatment typically produced higher
sideoats grama cover and lower bare
ground percentages. As indicated by rank-
ings of the canonical variate coefficient
loadings, the key indicator variables of
sideoats grama canopy cover (Fig. 1) and
total plant community bare ground (Table
1) appear to be most significant and utili-
tarian in distinguishing effects of herbicide
treatment on Kiowa County CRP fields.
This finding is consistent with observa-
tions that cover provides the best index of
species dominance (Taylor 1986), and that
canopy cover is perhaps the most impor-
tant single parameter of a species affecting
its community ecology (Daubenmire
1959).

When plant community totals only were
analyzed, bare ground retained its high
canonical loading. Bare ground was com-
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Fig. 2. Canonical variate means, 95% confidence intervals (circles), F- values (outside the
connecting lines), and Mahalanobis D2 values (inside the connecting lines) for herbicide
and mowing treatments derived from stepwise discriminant analysis. Auxin and mowing
treatment groups for live standing crop variables were pooled, resulting in only one
canonical variate. All F- values are highly significant at P < 0.001. SU = sulfonylurea.

bined with diversity index variables rather
than cover or live standing crop variables,
however, as the primary indicators of
treatment effect. The contrast between
total species diversity and seeded species
diversity also received highest canonical
loadings in the second canonical variate.
These findings suggest that herbicide
treatment response for the plant communi-
ty as a whole may be more accurately
determined by augmenting cover and live
standing crop measurements with esti-
mates of plant diversity.

Basal and canopy cover variables for
switchgrass, blue grama, western wheat
grass, and sand dropseed were more highly
and equally weighted in the second canoni-

cal variate (Fig. 2; Y- axis). Accordingly,
these variables demonstrated significant
separation of auxin herbicide and mowing
effects. Switchgrass and sand dropseed
cover variables most frequently combined
to have the dominant effect upon treatment
differentiation between these 2 types.
Auxin herbicide treatment was typified by
relative higher percentages of sand
dropseed cover, while mowing treatments
exhibited higher percentages of cover for
switchgrass.

The contribution of blue grama and
western wheatgrass in determining multi-
variate responses to herbicide treatment
was relatively minimal, although signifi-
cant as indicated by the approximate F-

value. The most equally weighted contri-
bution of response variables from all seed-
ed species for either canonical variate was
the variable subset for canopy cover. The
live standing crop subset yielded the
fewest indicator variables for distinguish-
ing treatment differences.

Discussion

Differential response among the seeded
species between sulfonylurea herbicide,
auxin herbicide and mowing treatments
may have resulted from several factors.
Direct toxicity to certain seeded grasses
may be a possible cause (Wilson 1995,
Bovey and Hussey 1991, personal com-
munications from G. Beck, R. Bovey, R.
Shimabukuro). Injury to cool- season
grasses and Old World bluestems by sul-
fonylurea herbicides has been documented
(Darwent and Clayton 1994, Ogg et al.
1994, Conrad 1990). Warm- season grasses
commonly used in CRP applications have
been injured by imazethapyr { 2-[4,5 -dihy-
dro- 4- methyl -4 -(1- methylethyl)- 5 -oxo -1 H
imidazol -2 -yl } -5- ethyl -3- pyridinecar-
boxylic acid }, a herbicide with similar
mechanism of action in plants to sulfony-
lureas (Wilson 1995), and high rates of
chlorsulfuron (Bovey and Hussey 1991).
Sulfonylurea herbicides have been shown
in unpublished field trials to cause galls,
stunted growth, and curling deformation
of root systems in switchgrass (G. Beck,
personal communication). Forage yield of
native mixed -grass rangeland in western
Nebraska was unaffected, however, by
application of chlorsulfuron at 20.0 g ha'
for control of leafy spurge (Stougaard et
al. 1994).

The effects of sulfonylurea herbicides
on seedling grass germination and devel-
opment have not been well established
(Bovey and Hussey 1991). Differential
physiological susceptibility to herbicides
(e.g., atrazine) in many grasses has been
attributed to differences in metabolic
routes between species by which herbi-
cides are detoxified or inactivated (Knight
et al. 1993, Weimer and Swisher 1985).
The same mechanisms may also account
for the differential response between the
seeded species to sulfonylurea herbicide
treatment if direct herbicide phytotoxicity
is indeed adversely affecting species such
as western wheatgrass and switchgrass
(Machac 1995, Brown et al. 1991, Goatley
et al. 1991). Although use of residual her-
bicides provides the most effective means
of attaining extended periods of weed sup-
pression during the critical seedling
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establishment period, the negative
response of both switchgrass and western
wheatgrass to sulfonylurea herbicide treat-
ment suggests that possible direct toxicity
to these species may have played a role in
ultimate plant community composition.

Alternatively, sulfonylurea herbicides
may have provided superior weed control
and favorable soil moisture conditions
early in the growing season, enabling
sideoats grama to establish dominance
over the other seeded species because of
its superior competitive abilities. Sideoats
grama is vegetatively aggressive in terms
of rapid, seasonally early, deep root exten-
sion (Downs and Niner 1963, Olmstead
1942, 1941); rapid basal crown spread
through tiller increase; rapid vegetative
and reproductive culm internode elonga-
tion; and relatively short (3 cm), protected
growing points on vegetative culms (Sims
et al. 1971). Sideoats grama exhibits high
seedling vigor across all cultivars, more
than many other warm - season native
grasses commonly used in revegetation
efforts in the central Great Plains region
(Tober and Chamrad 1992, Heizer and
Hassell 1985).

The overriding influence of sideoats
grama's highly positive response to sul-
fonylurea herbicide treatment may tend to
mask plant community response, especial-
ly for sub - dominant species. Multivariate
discriminant analysis, however, provided
indication that changes in cover, live
standing crop, relative composition (based
on live standing crop), and diversity
indices for seeded species other than
sideoats grama and non seeded species are
also reflected in treatment responses. This
result was useful in distinguishing
between effects of auxin herbicide and
mowing treatments.

The adverse effects of auxin herbicide
treatment on cover of sideoats grama and
switchgrass is consistent with results
reported by Bovey and Hussey (1991),
who found these species susceptible to
injury from auxin -based herbicides during
seedling growth stages. An additional rea-
son for reduced performance of auxin her-
bicides may have been poor timing of
auxin herbicide application in relation to
weed vigor, growth stage, and favorable
soil moisture conditions. Mowing services
(typically provided by the operator) were
more readily available on a timely basis
than contracted herbicide spraying ser-
vices. Additionally, mowing prior to seed
maturity was a more distinct timing stan-
dard to meet than herbicide treatment at
the correct weed growth stage. These
observations highlight the utility of pre-

plant or pre- emergence treatment with
residual herbicides on tolerant grasses.

Observation of composition within the
non seeded species group revealed an
additional trend that may have influenced
diversity results. Under auxin herbicide
and mowing treatments, nearly all non
seeded species were comprised of annual
broadleaf weed species such as kochia
(Kochia americana S. Wats.), Russian
thistle (Salsola iberica L.), common annu-
al sunflower (Helianthus annuus L.), and
prickly lettuce (Lactuca serriola L.). In
contrast, non seeded species composition
under sulfonylurea herbicide treatment
was dominated by perennial broadleaf
weeds, perennial half - shrubs, and annual
and perennial grasses. These species
included milkvetch (Astragalus spp.),
perennial thistle (Cirsium spp.), scarlet
globemallow [Sphaeralcea coccinea
(Nutt.) Rydb.], broom snakeweed
[Gutierrezia sarothrae (Pursh.) Britt. &
Rusby], curlycup gumweed [Grindelia
squarrosa ( Pursh) Dunal], Louisiana sage
wort [Artemisia ludoviciana Nutt.), fringed
sagewort (Artemisia frigida Willd.), Texas
tumblegrass [Schedonnardus paniculatus
(Nutt.) TreL], red threeawn (Aristida
longiseta Steud.), and bottlebrush squir-
reltail [Elymus elymoides (Raf.) Swezey].
Differences in seeded and non seeded
species composition between treatments
were readily apparent a minimum of 7
years post- treatment, emphasizing the long
duration of herbicide effects. More impor-
tantly, the predominance of later -seral
species under sulfonylurea herbicide treat-
ment suggests that secondary successional
status for non seeded species has been
dramatically accelerated.

Conclusions

Impacts of 2 commonly used sulfony-
lurea residual herbicides and 2 auxin her-
bicides on establishment, inter - specific
seedling competition and physiological
response under CRP field conditions were
evaluated. Seeded species were blue
grama [Bouteloua gracilis ( Willd). Ex
Kunth) Lag. ex Griffiths], sideoats grama
[Bouteloua curtipendula (Michx.) Torr.],
western wheatgrass [Pascopyrum smithii
(Rydb.) A. Love], switchgrass [Panicum
virgatum L.], and sand dropseed
[Sporobolus cryptandrus (Tory.) Gray].

Sideoats grama responded positively to
sulfonylurea herbicides, whereas switch
grass and western wheatgrass were
adversely affected. Switchgrass cover was
reduced by application of either sulfony-

lurea or auxin herbicides. Blue grama and
sand dropseed were least affected by her-
bicide treatment. Plant diversity was
reduced under sulfonylurea treatment.
Auxin herbicide treatment increased plant
diversity for seeded species and total plant
community over sulfonylurea treatment,
which was primarily attributable to
increased frequency of annual forbs.
Secondary successional status for non -
seeded species was dramatically accelerat-
ed under sulfonylurea herbicide treatment,
however, because of increased frequency,
cover and live standing crop of perennial
forbs, grasses, and half - shrubs.

The increased dominance of sideoats
grama and reduction of western wheat -
grass and switchgrass in seeded CRP plant
communities treated with sulfonylurea
herbicides suggests that composition shifts
within mixtures containing these species,
in both initial establishment and long -term
duration, may be achieved with the appli-
cation of sulfonylurea herbicides.
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