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Abstract Populations of grasses exposed to grazing by
vertebrates often exhibit reduced stature, increased tille-
ring, reduced flowering, and other morphological differ-
ences which distinguish them from ungrazed popula-
tions. These differences frequently are interpreted as an
adaptive response that reduces grazing damage; howev-
er, there are few experimental tests of this hypothesis.
This paper describes a field experiment designed to de-
termine whether morphological variation among geno-
types of the grass Bouteloua gracilis is related to varia-
tion in their responses to grazing. Eleven genotypes dif-
fering in morphologica and reproductive characters
were transplanted into a shortgrass steppe community
near Fort Collins, Colorado. Replicates of each genotype
were subjected to clipping treatments intended to redlis-
tically simulate three grazing intensities. After two
growing seasons, different genotypes still maintained
significant differences in a wide range of morphological
and demographic characters. However, there were few
significant effects of grazing treatment, and no signifi-
cant genotypextreatment interactions. These results sug-
gest that for B. gracilis clipped in simulation of natural
grazing, defoliation has few short-term effects on fitness
components, and intrapopulation morphological varia-
tion has few consequences for defoliation resistance.
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Introduction

Grazing by vertebrate herbivores can have strong
negative impacts on plant growth and reproduction (e.g.,
Harper 1977; Crawley 1983, 1997; Hendrix 1988;
Lindroth 1989; Louda et a. 1990; Marquis 1992).
Chronic grazing also frequently leads to changes in plant
morphology and development (e.g., Jameson 1963;
Crawley 1983, 1997; McNaughton 1984; Lindroth 1989;
Louda et al. 1990; Valentine 1990; Huntly 1991;
Mopper et a. 1991). In grasses, these changes typically
comprise a syndrome including decreased stature, re-
duced flowering, more prostrate growth form, increased
turf formation, and increased tillering (e.g., Gregor and
Sansome 1927; Kemp 1937; Hickey 1961; Peterson
1962; Jameson 1963; Crawley 1983; McNaughton 1984;
Aarssen and Turkington 1985; Carman and Briske 1985;
Coughenour 1985; Milchunas et a. 1988; Oesterheld and
McNaughton 1988; Vallentine 1990). Such morphologi-
cal shifts may reflect genetic changes in grazed popula-
tions in addition to the plastic responses of grazed indi-
viduals, as has been best demonstrated for grasses ex-
posed to grazing by prairie dogs (Detling and Painter
1983; Detling et al. 1986; Jaramillo and Detling 1988;
Polley and Detling 1988, 1990; Whicker and Detling
1988a,1988b; Painter et al. 1989, 1993).

Even in taxa able to survive intense grazing pressure,
selection generally should favour grazing-resistant geno-
types (Dawkins 1986, p. 182; Westoby 1989). Morpho-
logical changes in grazed grass populations frequently
are explained in this manner (e.g., Kemp 1937; Jameson
1963; McNaughton 1984; Carman and Briske 1985;
Detling et al. 1986). Grazing resistance includes at least
two distinct components: herbivore avoidance, or strate-
gies which decrease losses to herbivores, and tolerance,
or strategies which decrease the fitness costs of these
losses (Belsky et al. 1993; Rosenthal and Kotanen 1994;
Strauss and Agrawa 1999). Avoidance can be further
subdivided into defense, or strategies which actively de-
ter herbivores, and escape, or the reduction of herbivory
by making tissues inaccessible. (Fritz and Simms 1992;



Belsky et a. 1993; Rosenthal and Kotanen 1994; Strauss
and Agrawal 1999). In plants lacking spines or other
physical defences, morphology is likely to most directly
influence tolerance and the escape component of avoid-
ance. Shorter stature, prostrate morphology, and turf for-
mation may make a plant less exposed to damage by
grazing animals, while reduced flowering may reflect an
allocation of resources away from vulnerable inflores-
cences and toward vegetative growth. Increased tillering
and the production of smaller structures may allow rapid
replacement of lost photosynthetic tissue, and increase
the ability of plants to flexibly capitalize on the nutrient
pulses provided by herbivore feces and urine. Many of
these responses may carry costs in ungrazed habitats; for
example, smaller plants risk being outcompeted for light,
nutrients, or space by larger competitors (e.g., Grime
1979; Tilman 1982, 1988; Grace and Tilman 1990).

Comparative studies of heavily versus lightly-grazed
populations risk confounding the effects of grazing per
se with the effects of other differences between grazed
and ungrazed habitats (e.g., competitive regime, fire fre-
guency, soil characteristics). This is especialy trouble-
some since small stature and other features believed to
confer resistance to grazing also confer resistance to oth-
er environmental stresses, such as fire and drought, and
may in fact have originated in response to these stresses
(Coughenour 1985; Belsky et al. 1993; Rosenthal and
Kotanen 1994). For example, smaller plants in grazed
populations actually may be a consequence of decreased
competition for light, increased surface wind, increased
drying of soil, or other physical differences between
sites. Common garden and greenhouse clipping experi-
ments provide a partial solution. These alow the perfor-
mance of different morphs to be compared in a uniform
environment; while such experiments do not eliminate
the possibility that differences between morphs evolved
in response to a stress other than grazing, they do dem-
onstrate whether differences between morphs currently
confer grazing resistance.

Such experimental studies are scarce, and the results
are mixed. A few deal with plants other than grasses; to
cite two examples, Solbrig and Simpson (1974, 1977)
found that taller genotypes of Taraxacum officinale dom-
inated in frequently-mowed sites, but performed less
well when clipped than shorter genotypes from infre-
guently-mowed sites; Warwick and Briggs (1980) found
that prostrate genotypes of Plantago major from lawn
populations did better when clipped than erect plants
from roadsides. However, most studies focus on mam-
malian grazing of graminoids. Carman and Briske (1985)
reported that smaller Schizachyrium scoparium from
livestock-grazed populations were more grazing-resistant
than taller plants from ungrazed populations. In a series
of studies of Agropyron smithii and Bouteloua gracilis,
Detling and Painter (1983), Detling et a. (1986), and
Painter et a. (1989) also found that smaller plants from
heavily grazed prairie dog towns grew better following
defoliation than larger plants from lightly-grazed aress,
but in other studies of this system, Polley and Detling
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(1988, 1990) and Jaramillo and Detling (1988) found
practically no populationxdefoliation interactions for
these same grasses. Jaindl et al. (1994) found a history of
livestock grazing had no effects on defoliation responses
of Festuca idahoensis, though it did reduce plant height;
conversely, Smith (1998) found plants from livestock-
grazed populations of B. curtipendula survived clipping
better than plants from ungrazed populations, though
there were few morphological differences between popu-
lations. Finally, Oesterheld and McNaughton (1988)
found that, given sufficient time following clipping, tall
plants of Themeda trianda from sites lightly grazed by
African ungulates overcompensated in terms of biomass,
while short plants from heavily grazed areas performed
relatively less well. One potential problem with these
studies is that al have been conducted in pots, growth
chambers, greenhouses, or common gardens; these artifi-
cial environments are likely to produce unnatura re-
sponses which can mask the effects of experimental
treatments. Conversely, effects detected in a highly con-
trolled growth chamber environment may be lost in the
“noise” of real field conditions. The solution to these
problems is to experimentally compare the performance
of genotypes which are known to differ stably with re-
spect to morphological characters, and are transplanted
into a common field environment. This is the approach
that we have taken.

In this paper, we describe the results of a field experi-
ment designed to determine whether morphological vari-
ation within a grazed population of B. gracilis leads to
variation in the resistance of this grass to grazing. This
morphological variability might be maintained in part by
variation in soil properties and other microenvironmental
characteristics (Coughenour 1985; McGinnies et al.
1988; Belsky et al. 1993; Rosenthal and Kotanen 1994);
however, it has the potential to affect the ability of these
plants to tolerate or escape grazing. Experimentally sep-
arating tolerance and escape requires designs that re-
move constant fractions of tissue from different geno-
types (Oesterheld and McNaughton 1991; also Strauss
and Agrawal 1999). Instead, we chose to study morpho-
logical influences on overall resistance under more real-
istic grazing regimes. Our approach was to select geno-
types which were known to differ with respect to stature
and reproductive characters, and expose them to differ-
ent defoliation treatments, within an otherwise shared
environment. We predicted that if morphology affects
the ability of B. gracilis to resist grazing, we should de-
tect morphologyxgrazing interactions with respect to im-
portant fitness components. when clipped, smaller and
less fecund genotypes should perform better than other
genotypes, when unclipped, this advantage should di-
minish or be reversed. Unlike most studies, we compared
genotypes originating in the same area, rather than popu-
lations with different histories; as such, we were attempt-
ing to see whether local variation provides the scope for
a selective response to grazing pressure. This paper is
one of the first to compare grazing responses of morpho-
logically different genotypesin afield setting.
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Methods

Study site

This study was conducted at the Central Plains Experimental Range
(CPER) (40°49'N, 107°47'W, 1660 m above sea level), c. 60 km
northeast of Fort Collins, Colorado, United States. This 6280-ha area,
a research dite since 1937, is set within the much larger Shortgrass
Steppe Long-Term Ecological Research site (Shortgrass Steppe LTER
Home Page <http://sgs.cnr.colostate.edu/>). This site once supported
bison, currently supports numerous pronghorn, and is used for graz-
ing by cattle (Lauenroth et a. 1994a). Much of this site is dominated
by Bouteloua gracilis (H.B.K.) Lag. ex Griffiths=Chondrosum grac-
ile Humboldt, Bonpland & Knuth, a native drought- and grazing-
tolerant caespitose C, perennia grass (Milchunas et a. 1989, 1990;
Kotanen et a. 1998). At this location, growth of B. gracilis (blue
grama) occurs approximately between April and October (Dickinson
and Dodd 1976). Culms are frequent, and are taller than vegetative
shoots. Successful establishment from seed is rare in shortgrass
steppe (though not in wetter regions: Fair et al. 1999), probably oc-
curring only in suitable Sites in wet years; in most years, plants exclu-
sively spread by clona expansion (Lauenroth et a. 1994b; Aguilera
and Lauenroth 1995). Like many grasses, B. gracilis has a small and
variable seed bank (Coffin and Lauenroth 1989b).

Sources of material

The genotypes used in this experiment originally were collected in
1981 for the study of McGinnies et al. (1988). Samples were gath-
ered from a 7 ha area within a single 2.5-km? section of the CPER
(Section 17). This area has never been ploughed (McGinnies et al.
1988), and has been subject to variable but moderate levels of cat-
tle grazing for many years; on an evolutionary timescale, it is
small enough that all plants presumably shared similar grazing
histories. Plants were chosen to maximize variation in a range
of morphological characters, including culm height, number of
culms, leaf length, leaf colour, “bunchiness’, and “genera plant
appearance” (McGinnies et a. 1988). Each was subdivided into
replicate clones, which were placed in a common garden at the
CPER in 1982. Different genotypes maintained significantly dif-
ferent morphologies under these common garden conditions, sug-
gesting agenetic basis (McGinnies et al. 1988).

This common garden was maintained subsequently by CPER
staff. In October 1995, we revisited it, and collected plug samples
from multiple replicates of 15 genotypes. These plugs were trans-
ported to a greenhouse at the University of Chicago, where they
were grown and subdivided over the winter. Survivorship and
growth of most genotypes was good, but 4 were discarded because
of poor survival or contamination by other grasses, leaving a set of
11 genotypes. In May 1996, replicates of each of these genotypes
were transplanted into experimental plots set in a moderately-
grazed B. gracilis-Buchlée dactyloides community at the CPER
(section 21N), a few kilometers from their original collection site.
Grazing of this community is managed by the CPER so that ap-
proximately 40% of unprotected above-ground biomass is re-
moved annually by cattle.

Forty-one 1 mx0.5 m experimental plots were established in
two staggered lines along a 100 mx5 m transect. Each plot re-
ceived one replicate of each genotype (mean size=7.12 shoots,
SEM=0.16 shoots), planted into a smal (5 cm) hole dug into
the surrounding vegetation. This resulted in a total of 41 repli-
cates/genotype, or 451 plants in total. Plants were marked with
wire rings and watered once immediately following transplanta-
tion. All plots were protected by wire cages (length=1.0 m;
width=0.5 m; height=0.5 m; 25 cm mesh). These cages restricted
grazing by cattle, while subjecting experimental plants to essen-
tially the same physical environment as the surrounding grazed
community, including exposure to cattle urine and faeces.

Grazing treatments

All plants within each plot were subjected to one of three treat-
ments: clipping to 1.5 cm above the crown (similar to cattle graz-
ing), clipping to 3.0 cm above the crown (milder than cattle graz-
ing), and unclipped. Clipping treatments were applied twice: once
in May 1996 (coincident with the annual start of cattle grazing),
and once in July 1996 (mid-summer). By the end of the experi-
ment, the ratio of (total above-ground biomass removed):(above-
ground standing crop of unclipped plants) was 0.65 for the severe
clipping treatment, 0.46 for the moderate treatment, and O for the
unclipped treatment. Though these numbers are very crude esti-
mates of treatment intensity, they are close to the percentage of
above-ground production consumed annually by cattle (40% in the
surrounding pasture; up to 60% in nearby sites: Lauenroth et al.
19944). This clipping regime imitates the pattern of defoliation
typical of moderately-grazed areas at this site: most plants are
grazed only once or twice per year, either because they are simply
missed (Varnamkhasti et a. 1995), or because they temporarily
occur in refuges such as areas near cattle faeces (Harper 1977,
Vallentine 1990).

Data collection

Between May and September 1996, plants were examined at
regular intervals to determine survivorship, reproductive status,
and the number of living and dead shoots taller than 1 cm. A few
plants escaped detection at some of these samplings. The live-
tissue traits measured were chosen as examples of the type of
growth and reproductive characters frequently affected by grazing,
as measures of performance, and because they could be sampled
nondestructively; dead shoots were included because they may re-
flect production and losses of biomass missed between periodic
censuses of living shoots. After nearly two complete growing sea-
sons, all plants were destructively harvested in August of 1997, al-
lowing accurate final measurements and the determination of
standing crop biomass; this alowed plants time to recover from
any greenhouse effects or transplant shock, and to respond to the
previous season’s clipping, but did not represent an unrealistically
long time between grazing events. Previously harvested clippings
were not added to this final standing crop, which therefore repre-
sents performance a year after the final treatment, rather than cu-
mulative yield. Unbiased estimates of yield would have required
repeated destructive sampling, demanding unacceptable losses of
experimental plants.

Statistical analyses

Continuous data were analyzed using standard ANOVA designs.
Initial genotypic differences were assessed with one-way tests,
while experimental results were analyzed using a split-plot design,
with one between-plot factor (treatment) and one within-plot fac-
tor (genotype) (SPF 3.11 design: Kirk 1982). Grazing treatment
was treated as fixed because clipping intensities were chosen arbi-
trarily. Genotype was treated as fixed because these genotypes
were not originally selected randomly; instead, they were selected
to capture large amounts of morphological variation. Blocks were
treated as random representatives of the surrounding community.
Square root transformations were most effective at controlling het-
erogeneity of variance (generaly P>0.05; P>0.01 in the remain-
der: Cochran’s C), and were used throughout. Categorical data
(survivorship and proportion of plants flowering) were pooled
across plots and analyzed with hierarchical loglinear models (full
model=genotypextreatmentxresponse) (Feinberg 1977). The sig-
nificance of each source of variation was assessed by partitioning
G2 values and testing the component associated with each factor
against the corresponding X2 distribution.
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Table 1 Initia values of measured variables for plants in the common garden. Data are meanstSEM; sample sizes are given in paren-
theses. 1995 data are based on each entire clone; 1996 data are derived from a 12-cm? subsample

Geno-  Number of live Longest liveculm  Longest liveleaf  Proportion surviving  Proportion Number of live
type culms (1995) length (1995) (1995) length (1995) reproductive (1995)  shoots( 1996)

3 20.800+3.030 (15) 36.667+1.814 (15) 17.600+1.530(15) 1.000+0.000 (15) 1.000+0.000 (15) 16.143+1.818 (7)
22 36.125+9.915 (8)  40.714+1.128 (7)  24.625+2.771 (8)  1.000+0.000 (8) 0.875+0.125 (8) 13.833+2.496 (6)
26 6.400+3.076 (5)  39.333+3.333(3)  14.800+1.319(5) 0.833+0.167 (6) 0.600+0.245 (5) 14.000+1.000 (2)
27 26.875+5.146 (8)  38.375+1.742(8)  24.875x1.695(8) 1.000+0.000 (8) 1.000+0.000 (8) 16.571+1.556 (7)
32 8.556+2.944 (9)  25.778+2.253 (9)  19.000+2.034 (9) 1.000+0.000 (9) 1.000+0.000 (9) 11.000£1.949 (6)
36 17.600+4.762 (15) 32.867+1.696 (15) 17.714+1.238 (14) 1.000+0.000 (15) 1.000+0.000 (15) 15.167+2.272 (6)
54 6.875+.915 (8) 27.500+2.330 (8) 24.375x1.426 (8)  1.000+0.000 (8) 1.000+0.000 (8) 13.125+1.407 (8)
56 20.600+5.080 (10)  34.900+3.053 (10) 20.100+2.791 (10) 1.000+0.000 (10) 1.000+0.000 (10) 10.500+1.803 (6)
57 13.900+3.647 (10) 36.900+2.964 (10) 20.000+1.726 (10) 1.000+0.000 (10) 1.000+0.000 (10) 16.750+1.065 (8)
62 35.700+7.737 (10) 42.100+1.785 (10) 23.000+2.534 (10) 0.909+0.091 (11) 1.000+0.000 (10) 12.875+1.202 (8)
67 24.889+9.417 (9)  39.286+2.974 (7) 20.444+1.994 (9) 0.643+0.133 (14) 0.778+0.147 (9) 12.333+1.563 (6)

Table 2 Initial relationships among measured variables for plants
in the common garden. Values are Spearman correlation coeffi-
cients (ry of the mean values for each genotype; n=11 for all com-

parisons. 1995 data are based on each entire clone; 1996 data are
derived from a 12-cm? subplot

Number of culms (1995)

Longest culm length (1995) Longest leaf length (1995)

Longest culm length (1995) 0.591a

Longest |eaf length (1995) 0.591a 0.264

Number of shoots (1996) 0.000 0.145 -0.091
ap<0.10

Table 3 Results of split-plot factorial ANOVASs at the interim
sampling (September 1996). Data were square-root-transformed
prior to analysis. Degrees of freedom vary according to the num-
ber of plants located and scored

Source of variation Live shoots Dead shoots

F df F df
Treatment 0.206 2,26 0.415 2,21
Genotype 4.606*** 10,260 0.608 10,210
GenotypexTreatment  0.932 20,260 0929 20,210

*P<0.05, **P<0.01, ***P<0.001

Results
Initial variation

In October of 1995, prior to their collection from the
common garden, significant genotypic variation still ex-
isted among surviving plants for the number of culms
produced (F5¢6=2.765; P<0.01; genotypic variance
component=72%), culm height (F,,9;=4.431; P<0.0001,
genotypic variance component=16%), and leaf height
(F1005=2.435; P<0.05; genotypic variance compo-
nent=7%). These measurements varied 1.5-6 fold among
genotypes (Table 1). Survival and reproduction generally
were good; still, the fraction of plants still alive and the
proportion of plants with flowers also varied among ge-
notypes (X2,,=27.995 and x2,,=41.969 respectively;
P<0.01 in both cases) (Table 1). Numbers of living

shoots in a subsample totalling 12 cm? in area did not
differ among genotypes, based on an additional sampling
in May of 1996; (F;o50=1.643; P>0.05); however, differ-
ences probably were obscured by the very high shoot
density in these long-established clones (Table 1). Corre-
lations between genotypic means generaly were weak
and nonsignificant, but stature-related characters (leaf
height, culm height, culm production) tended to positive-
ly co-vary (Table 2). Because of weed invasion, the envi-
ronment experienced by each replicate was not uniform,
probably reducing both correlations and estimates of ge-
notypic variance (Falconer 1989).

These differences were maintained despite growth un-
der greenhouse conditions. When the experimental geno-
types were transplanted back into the field, they still dif-
fered with respect to mean leaf length (genotypic means:
26-37 cm; Fy(35,=11.895), mean number of live shoots
(genotypic means: 6.0-8.4 per plant; Fy,35,=3.017), and
mean number of dead shoots (genotypic means: 4.6-7.8
per plant; Fig35,=2.800) (P<0.01 in all cases). As ex-
pected, these variables initially did not differ among
grazing treatments (F, 33<0.3; P>0.7) and there were no
genotypextreatment interactions (F g 350<1.2; P>0.3).

Experimental results

At the end of the 1996 field season, the number of living
shoots per plant differed significantly among genotypes
(genotypic means. 2.7-5.8) (Fig. 1, Table 3). With this
exception, ANOVASs revealed no significant main ef-
fects, indicating no further effects of genotype or grazing
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treatment on shoot numbers. Responses varied among
genotypes, but ANOVAs detected no significant geno-
typextreatment interactions, indicating that different ge-
notypes responded similarly to grazing (Fig. 1; Table 3).
Loglinear models also detected no significant geno-
typextreatment interaction with respect either to survival
or to the probability of flowering, but survivorship did
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weights (g); each line represents 1 of the 11 experimental geno-
types. Total live=Live shoot+Reproductive structures+Root;
Shoot:Root Ratio=(Live shoot+Reproductive structures)/Root;
Total=Total live+Dead. Significance tests are reported in Table 6

differ significantly among genotypes (genotypic means.
probability of survival=0.61 to 0.90) (Fig. 1; Table 4).
Flowering also varied significantly among defoliation
treatments (treatment means. probability of flower-
ing=0.13 unclipped, 0.05 mild, 0.04 severe) (Fig. 1;
Table 4); this effect probably reflected the removal of de-
veloping flowers during clipping.

At the final sampling in 1997, ANOVASs detected sig-
nificant genotypic effects on all variables (genotypic
means. number of live shoots=3.7 to 8.0; number of dead
shoots=4.7 to 9.2; vegetative shoot dry weight=0.23 g to
0.57 g; root dry weight=0.31 g to 0.55 g; tota live dry
weight=0.55 g to 1.1 g; dead dry weight=0.28 g to 0.68 g;
total dry weight=0.99 g to 1.5 g; shoot:root ratio=0.58 to
1.8) (Figs. 2, 3; Tables 5, 6). One significant treatment
effect also was detected (total dry weight: treatment
means=1.4 g unclipped, 1.2 g mild, 1.2 g severe), as well
as several marginally non-significant effects (Figs. 2, 3;
Tables 5, 6). There was a marginally non-significant
(P=0.08) genotypextreatment interaction with respect to
the number of dead shoots, but with this exception no
other genotypextreatment interaction approached signifi-
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Table 4 Results of loglinear analyses of plant survivorship and reproduction. Too few shoots flowered in August 1997 to permit statisti-

cal testing

Source of variation Survival (September 1996)

Survival (August 1997) Reproduction (September 1996)

G2 df G2 df G2 df
Treatment 0.15 2 1.82 2 10.71** 2
Genotype 28.73** 10 28.12** 10 17.23 10
GenotypexTreatment 21.23 20 15.00 20 22.03 20
*P<0.05, **P<0.01, ***P<0.001
Table5 Results of split-plot o .
factorial ANOVAS (ffp gqo%t Source of variation Live shoots Dead shoots
numbers at the final sampling
(August 1997). Data were F df F df
square-root-transformed prior
to anaysis Treatment 2111 2,38 3.183 2,38
Genotype 3.659*** 10,380 2.127* 10,380
GenotypexTreatment 0.838 20,380 1.503 20,380

*P<0.05, **P<0.01, ***P<0.001

Table 6 Results of split-plot factorial ANOVAS of dry biomass at the final sampling (August 1997). Data were square-root-transformed
prior to analysis. Degrees of freedom vary because of undefined values (0/0)

Source of Live shoot Root Total live2 Shoot:root ratio® Dead Totalc
variation

F df F df F df F df F df F df
Treatment 2.717 2,38 2.849 2,38 1.642 2,38 0.726 2,22 1.939 2,38 3.318* 2,38
Genotype  3.861*** 10,380 3.478*** 10,380 4.266*** 10,380 4.103*** 10,220 3.027** 10,380 2.978** 10,380
Genotype  0.912 20,380 0.868 20,380 1.000 20,380 0.993 20,220 1.072 20,380 0.985 20,380
xTreatment

*P<0.05, **P<0.01, ***P<0.001
aTotal live=Live shoot+Reproductive structures+Root

cance (P>0.3 in al cases). Loglinear models found no
significant genotypextreatment interaction with respect
to survival, but did indicate a significant effect of geno-
type on survivorship (genotypic means. probability of
survival=0.51 to 0.88) (Fig. 2; Table 4). Too few plants
(n=8) produced culms to alow the statistical evaluation
of sexual reproduction. At the individua plant level,
most measures of performance were positively correlat-
ed; for example, Spearman correlations of the number of
live shoots versus total live dry weight (r,=0.840), num-
ber of live shoots versus proportion surviving (r;=0.769),
and total live dry weight versus proportion surviving
(rs=0.648) all were highly significant (P<0.001; n=451);
this indicates that larger plants tended to be larger in all
measures.

On average, plant size was stable over the course of
the experiment (mean final live shoots per initia live
shoot=0.956; SEM=0.047). There were significant posi-
tive correlations between initial and final plant sizein all
treatments: the numbers of live shoots at the end of the
1996 and 1997 seasons were correlated with initial shoot
number (r;=0.28, n=434 and r~0.22, n=451 respective-
ly; P<0.001 for both). Therefore, final differences among
genotypes may in part reflect initial differencesin size or

b Shoot:Root Ratio=(Live shoot+Reproductive structures)/Root
¢ Total=Total livetDead

vigour among transplanted individuals. However, since
plant size did not initially differ among treatments or
treatmentxgenotype combinations, final results for tests
of these factors are not ssmply products of initial differ-
ences. For example, on each sampling date, neither ana-
lyses of live shoots nor analyses of live shoots per initial
shoot detected significant treatment or treatmentxgeno-
type effects (P>0.05).

Discussion

When we designed this experiment, we expected to find
that genotypes with shorter stature, less frequent flower-
ing, and other “grazing syndrome” characters would per-
form better when clipped than other genotypes, and
hence might be selectively favoured by grazing pressure.
Instead, we found little evidence that clipping reduced
fitness, and practically no evidence of genotypexclipping
interactions. Grazing-syndrome morphologies can confer
resistance to drought, fire, and other physical and distur-
bance factors, and may have originated for these reasons;
however, regardless of their origins, such characters gen-
erally are believed to confer grazing resistance as well
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(Coughenour 1985; Belsky et a. 1993; Rosenthal and
Kotanen 1994). Why could we detect no evidence of
this?

We believe our results are real because our design was
both biologically and statistically reasonable. We used
plants which differed genetically with respect to potential-
ly important morphological characters. Initial differences
among our genotypes were significant and often large
(1.5-6 fold); in their origina study of the set of clones
from which ours were drawn, McGinnies et a. (1988) re-
ported similar magnitudes of variation for numbers of cul-
ms (54-287 per plant), culm height (2648 cm), plant
weight (9-54 g), and basal diameter (8-17 cm). Though
al grazing syndrome characters need not occur in the
same plant, we found characters relating to plant stature
(leaf height, culm height, culm number) tended to co-vary
among genotypes, these are likely to be the characters that
most directly influence tissue losses to grazing. We trans-
planted our experimental plants into a grazed background
only afew kilometers from their point of origin, we adopt-
ed treatments that were redlistic but more severe than
grazing in many natural and managed systems (Cyr and
Pace 1993), and sampled over a timescale much longer
than B. gracilis required to respond to clipping in green-
house experiments (Jaramillo and Detling 1988; Painter et
al. 1989). It is possible that our treatments failed to simu-
late some aspects of cattle grazing; for example, we may
have underestimated the importance of prostrateness by
clipping al plants, upright or not; however, this should
have amplified, rather than obviated, differences between
clipped and unclipped plants. Finally, our statistical ap-
proach was adequate for the detection of reasonably
strong interactions. Our design was blocked by plot to re-
duce “nuisance’ variation (Kirk 1982), our degrees of
freedom for treatment effects were respectable (F, 55), and
our degrees of freedom (F,q3g0) for interactions were
high, both absolutely and relative to numerous highly sig-
nificant tests of genotypic effects (Fy 3g0)-

Although our field experimental approach had consid-
erable advantages over greenhouse or correlational field
studies, it had costs as well. The greater variability of
field conditions may have obscured treatment effects.
The transition from greenhouse conditions to field condi-
tions may have entailed transplant shock, which may
have differed among genotypes, as suggested by the sig-
nificant genotypic effect on survival at the end of the
first growing season. Finally, because of difficulties in
precisely matching the ramets available for transplanta-
tion, there were initial size differences among transplant-
ed genotypes that tended to increase over time. As with
any uncontrolled variation, it is possible that factors such
as these may have obscured treatment effects, but we be-
lieve they are unlikely to have seriously confounded the
factor of primary interest: genotypextreatment variation.
Differences in transplant shock or size and growth of ge-
notypes may have been among the many factors contrib-
uting to significant genotypic effects, but should not
have confounded the results of primary interest: whether
performance of each genotype varied with clipping treat-

ment. Our lack of significant genotypextreatment inter-
actions does not prove such interactions did not exist;
however, it does suggest such interactions, if they did oc-
cur, were weak compared to genotypic differences.

If genotypic differences among our B. gracilis clones
arose under a more intense grazing regime than they cur-
rently experience, it may be that their importance would
only be evident if they were even more severely clipped.
Consistently heavy grazing, such as that associated with
prairie dog towns, can select for changes in the growth
and morphology of B. gracilis (e.g., Painter et al. 1989,
1993). However, we are not convinced that such a defoli-
ation regime would have been appropriate. First, we
were primarily interested in whether morphology cur-
rently is important, rather than whether it was historical-
ly important. Livestock are currently the primary large
grazers in most of the Great Plains, and have been so for
more than 100 years; consequently, we attempted to sim-
ulate pressures locally exerted by modern range cattle.
Second, while the local impact of modern cattle and pre-
settlement bison probably differed, the extent of this dif-
ference is unclear, and depends upon the management re-
gime adopted. The foraging ecology of these species
does differ in many details; for example, bison have a
stronger preference for grasses, while their migratory
patterns may have made their impacts even more sporad-
ic than those of either modern cattle grazing or our ex-
perimental treatments (Schwartz and Ellis 1981; Peden
et a. 1974; Plumb and Dodd 1993; Lauenroth et al.
1994a; Hartnett et a. 1997). However, broadly consid-
ered, cattle and bison both are large, primarily graminiv-
orous ruminants with substantial dietary overlap, and
their potential impacts on vegetation are thought to be
broadly similar as a result (Schwartz and Ellis 1981;
Plumb and Dodd 1993; Hartnett et al. 1997; Knapp et al.
1999). We feel that our results are relevant to variation in
modern rangeland populations of B. gracilis; in absence
of firmer evidence, we also believe they represent a first
approximation to the responses expected prior to the in-
troduction of range cattle.

Why did clipping have such weak effects? Part of the
explanation simply may be that, even for a grass, B. gra-
cilisis highly resistant to defoliation by ungulates. Like
other shortgrass steppe species, B. gracilis has evolved
for millennia in the presence of widespread grazing by
bison, and for more than a century with grazing by cattle
(Larson 1940; Stebbins 1981; Mack and Thompson
1982; Coughenour 1985; Milchunas et al. 1988; Hartnett
et al. 1997). As a result, modern shortgrass steppe is
highly resistant to damage by domestic livestock
(Stebbins 1981; Mack and Thompson 1982; Milchunas
et al. 1988; Sims 1988; Mack 1989). B. gracilis tends to
increase in cattle-grazed areas; in contrast, the cessation
of grazing tends to result in invasions by grazing-
sensitive species (Milchunas et al. 1989, 1990, 1992;
Kotanen et al. 1998; Schuman et al. 1999). The mild ef-
fects of our clipping treatments on B. gracilis probably
reflected the highly grazing-resistant response of this
grass to the simulated grazing regime we adopted. Since



morphological differences among genotypes did not
trandlate to performance differences in clipped plants,
there apparently is little scope for the current cattle graz-
ing regime to select for different genotypes of this grass,
though cattle still may produce plastic responses. This
contrasts with the impacts of prairie dog grazing, which
are more localized, but perhaps more likely to select for
smaller morphologies (e.g., Painter et al. 1989, 1993).
As hypothesized by MacGinnies et al. (1988), genetic
variation in the morphology of B. gracilis at our site may
principally reflect and respond to spatiotemporal varia-
tion in environmental factors other than grazing, such as
soil characteristics, plant cover, and rainfall (e.g., Coffin
and Lauenroth 1988, 1989a, 1992; Hook et al. 1991,
Milchunas et al. 1989, 1990, 1994).
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