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GRAZING HISTORY, DEFOLIATION, AND COMPETITION:
EFFECTS ON SHORTGRASS PRODUCTION AND
NITROGEN ACCUMULATION!

VICTOR J. JARAMILLO AND JAMES K. DETLING
Natural Resource Ecology Laboratory and Department of Range Science, Colorado State University,
Fort Collins, Colorado 80523 USA

Abstract. Plants of Bouteloua gracilis were collected from heavily grazed prairie dog
(Cynomys ludovicianus) colonies (ON-colony) and lightly grazed uncolonized sites (OFF-
colony) in Wind Cave National Park, South Dakota. Our objectives were to determine (1)
how grazing history affected production, nitrogen uptake, and biomass and nitrogen allo-
cation following defoliation; and (2) how such responses were affected by competing neigh-
bors of the same population. The growth chamber experiment was factorial with three
main treatments in 12 possible combinations. Main treatments were: population (plants
from lightly and heavily grazed sites), defoliation (three intensities), and competition (with
or without neighbors of the same population).

There were no significant interactions among treatments. OFF-colony plants produced
121% as much biomass and their N yield was 203% as great as ON-colony plants. ON-
colony plants allocated a higher percentage of biomass and N to the roots than OFF-colony
plants, while the latter allocated a greater percentage of resources to leaf sheaths and
reproductive structures. In response to defoliation, plants from the two populations had
an average increase of 122% in N uptake per unit of root biomass and a 141% increase in
total leaf-blade N yield. Heavily defoliated plants from both populations increased biomass
and N allocation to blades, but total biomass production was substantially reduced. Intra-
population competition reduced biomass production and N yield in individuals of both
populations, but it did not affect total and aboveground N concentrations (per unit biomass)
or N uptake per unit of root biomass. Our results support the hypothesis that genetically
based morphological and physiological differentiation has occurred in B. gracilis as a result
of strong selection pressures from grazing mammals on prairie dog colonies. We suggest
the ON-colony population displays a strategy that reduces grazing severity rather than a

“grazing tolerance’ response to aboveground herbivory.
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INTRODUCTION

A plant’s response to herbivory may be controlled
by a variety of physiological processes including altered
photosynthetic rates, shifts in assimilate and nutrient
allocation patterns, differential balance in vegetative
and reproductive tissues, changes in nutrient uptake,
and altered hormonal balance (Marshall and Sagar 1965,
Youngner 1972, Detling et al. 1979, McNaughton 1979,
Chapin 19805, Caldwell et al. 1981, Detling and Paint-
er 1983, Ruess et al. 1983). Increased nutrient uptake
may allow defoliated plants to compensate for nutrient
loss, and, coupled with shifts in nutrient and assimilate
allocation patterns, it can contribute to successful re-
covery from repeated grazing (Chapin 19805, Wallace
etal. 1982, Ruess etal. 1983, McNaughton and Chapin
1985). This may be particularly true of nitrogen be-
cause of its importance both in mediating plant-her-
bivore interactions (Mattson 1980, Floate 1981, Ruess

! Manuscript received 12 August 1987; revised 1 February
1988; accepted 2 February 1988.

et al. 1983, White 1984) and in the photosynthetic
machinery of the plant (Mooney and Gulmon 1982).

Only a few studies have focused on the relationship
among defoliation, nitrogen uptake, and nitrogen yield.
Ruess et al. (1983), Ruess (1984), and Ruess and
McNaughton (1984) have shown that intense defoli-
ation of the sedge Kyllinga nervosa Steud. increased
nitrogen uptake and leaf nitrogen content and concen-
tration. These studies, however, were done with plants
growing in isolation. Because the presence of another
plant may change the environment of its neighbors and
alter their growth rate and form (Harper 1977), it is of
interest to know how nitrogen uptake is affected when
defoliated plants are growing with neighbors. A few
experiments have determined the impact of defoliation
on plants growing at contrasting densities, but they
have not considered nutrient uptake or multiple de-
foliation events (Lee and Bazzaz 1980, Tripathi and
Gupta 1980).

Research on several species from the northern mixed-
grass prairie in Wind Cave National Park, South Da-
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kota, has shown that short, prostrate morphs, presum-
ably genetically differentiated, grow on heavily grazed
prairie dog (Cynomys ludovicianus) colonies (Detling
and Painter 1983, Cid 1985, Detling et al. 1986, Painter
1987). Dwarf morphs of Agropyron smithii Rydb. may
be better able to withstand defoliation and tend to have
higher shoot-nitrogen concentration than taller morphs
growing outside the prairie dog colonies (Coppock et
al. 1983, Detling and Painter 1983, Krueger 1986).
This suggested that grazing may enhance nitrogen up-
take, and that this effect would be more pronounced
in populations that had differentiated under heavy
grazing pressure.

The objectives of this study on heavily and lightly
grazed populations of Bouteloua gracilis (H.B.K.) Grif-
fiths were to determine (1) how differences in grazing
history affected plant production, nitrogen uptake, and
biomass and nitrogen allocation following defoliation
and (2) how such responses were affected by competing
neighbors of the same population in a controlled en-
vironment. This species is a dominant or codominant
in the short- and midgrass prairie of North America
and constitutes a major dietary component of both wild
and domesticated herbivores (Detling et al. 1979, Cop-
pock et al. 1983a).

MATERIALS AND METHODS

The experiment was conducted with two populations
of Bouteloua gracilis collected in Pringle Valley, Wind
Cave National Park, South Dakota, on 7 July 1984.
One population was from a heavily grazed 10-15 yr
old prairie dog colony (Coppock et al. 1983a), the other
was from a lightly grazed uncolonized site. The two
sites were =300 m apart. Peak live aboveground bio-
mass on the colonized site was =~50% of that on the
uncolonized site (Coppock et al. 1983a). The sods were
brought to Colorado State University, planted in pots
with potting soil, and maintained in a greenhouse for
6 mo prior to initiation of the experiment. Plants from
the prairie dog colony and the uncolonized site will be
referred to as ON-colony and OFF-colony populations,
respectively.

Two months after potting, random samples of tillers
were measured to the ligule of the uppermost leaf to
check for population differences. On 9 January 1985,
single tillers were planted in plastic pots 15 cm in di-
ameter X 15 cm in height, singly and four per pot, in
a 1:1 (by mass) mixture of potting soil and sand. Plants
were then introduced into a Conviron E-15 plant growth
chamber under 14 h light: 10 h dark photoperiods
and a 30°15°C temperature regime. Quantum flux den-
sity at canopy height was maintained at 550 umol-
m~2-s~!, Plants were watered as needed and grew for
nearly 6 wk before the first defoliation.

A 22 x 3 factorial, randomized complete block de-
sign was used with the following treatments: two pop-
ulations (ON- and OFF-colony), two densities (one or
four plants of the same population per pot), and three
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levels of defoliation (heavy, light, and no defoliation).
Within each block, individual tillers were as homo-
geneous in size as possible. The defoliation treatments
were imposed at different heights in each population
because of their different plant sizes. Tiller heights to
the ligule of the uppermost fully expanded leaf were
measured 2 d prior to defoliation, and these means
were used to set the heavy defoliation intensity: 25 mm
above the ground for the ON-colony and 32 mm for
the OFF-colony population. The height for the light
defoliation treatment was double that of the heavy
defoliation: 50 mm for the ON-colony and 64 mm for
the OFF-colony population. These defoliation treat-
ments, which were repeated every two weeks, removed
an average of 81.3% (light) and 93.3% (heavy) of total
aboveground biomass produced by plants of both pop-
ulations over the 8-wk duration of the experiment. In
the high-density treatment, all four plants in each pot
were treated the same, and one was randomly selected
as the target plant for subsequent measurements. Over-
all, the experiment consisted of five replicates of each
of 12 treatments. Blocks were randomly assigned to a
location within the growth chamber and pots were re-
randomized within each block weekly.

Although clipping experiments have been criticized
for their more even and greater severity of foliage re-
moval compared with actual grazing (Jameson 1963,
Hart and Balla 1982, Stroud et al. 1985), our treat-
ments did resemble the way prairie dogs consume vege-
tation, and the frequency imposed approximates that
experienced by plants in the field (K. Krueger and E.
L. Painter, personal communication).

After 8 wk (2 wk after the fourth and final defolia-
tion), plants were harvested; separated into roots,
crowns (shoot bases 1 cm above soil level plus under-
ground portion), sheaths, blades, and reproductive
structures (culms and inflorescences); dried for at least
24 h at 60°% and weighed. Material removed at each
defoliation was sorted in the same way and summed
to estimate total plant production and total nitrogen
yield. Nitrogen concentration was determined by the
micro-Kjeldahl technique. Nitrogen yield of each plant
part was calculated by multiplying its dry mass by the
nitrogen concentration. Root-specific nitrogen accu-
mulation was total nitrogen yield of the plant divided
by the root biomass present at time of harvest. At each
sampling date, number of tillers, culms, and inflores-
cences per culm were also recorded.

All data were statistically analyzed with a three-way
ANOVA with SPSS (Nie et al. 1975). Biomass and
nitrogen-yield data were log-transformed for analysis
to satisfy homogeneity of variances assumptions in the
ANOVA, and percent allocation data were analyzed
upon arcsine \/x transformation.

RESULTS

Although there were no significant interactions among
treatments, in two cases (biomass root : shoot ratio and
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TABLE 1. ANOVA results for the main effects of the three  percent biomass allocation to roots) the data strongly
treatments. There were no significant interactions. suggested differential responses of the populations of
; defoliation. These two variables were therefore ana-
Popu- Compe- Defoli- . . .
lation tition ation lyzed with polynomial contrasts, partitioning the de-

Trait effect effect effect foliation treatment into linear and quadratic compo-
Biomass nents. A significant interactioq (P = .05) betyve(?n the
Total ok *ok ok population treatment and the linear contrast indicated
Aboveground ook ook * the need to partition the response within the population
Belowground (roots) * o e treatment. The appropriate contrast was performed,
Root : shoot ratio * NS *+ . .
Blades ook Kook NS and in both cases the ON-colony population showed
Sheaths *okk Hokk NS a significant response to defoliation, and the OFF-col-
Reproductive structures ::: :: ::: ony population did not (Table 1). With the exception
glr:d“gl:ssheath ratio o - o of these two variables, the presentation and discussion
% blade NS NS Hokok of results involve only the main effects (Table 1).
% sheaths Fokx NS NS
% reproductive structures *ok ok Hokok Whole-plant response
% NS *xk NS . . . .
0/2 ﬁf,?)“{s“ *k NS *t Both total biomass production and total N yield dif-
Nitrogen yield fered sgmﬁcantly between popu]auons. and level of
Total . . NS competition. However, of these two variables only to-
Aboveground *okk *okk NS tal biomass was significantly reduced by defoliation
Belowground (roots) *:* o ::: (Table 1; Fig. 1). OFF-colony plants averaged 121 and
Root : shoot ratio . . NS e 203% as great biomass and N yield, respectively, as
Whole-plant N concentration NS L
Aboveground N concentration NS NS ok ON-colony plants, and competition caused an average
Root-specific N accumulation ok NS Hokok decrease of 58% of both yields in the two populations.
SBlI;(:t:E :: ::: :; In three of the four cases, light defoliation produced a
S . . . . .
Reproductive structures ook * * slight but nonmgmﬁcgnt increase in .total N contept.
Crown ook Hokok * Thus, even though biomass production suffered sig-
(I)Blade : sheath ratio * *x ::* nificant reductions, nitrogen content was kept rela-
02 ]:;aegfhs NS NS NS tively constant, indicating a net increase in N concen-
% reproductive structures b * koK tration of the plants with defoliation (Fig. 1). The
% crown NS ok Hokox OFF-colony population showed significantly higher N
0, K%Kk . .
% roots * NS concentration (22%) than the ON-colony population
*P < .05;** P < .0l;** P < .001; Ns = nonsignificant (P (Table 1; Fig. 1), and competition did not significantly
> 03 affect it (P > .05).

+ Significant for the ON-colony population only. See Re-

sults for explanation. Aboveground and belowground subsystems

The aboveground subsystem includes all aerial bio-
mass components plus the crown, while the be-
lowground subsystem is synonymous with roots. As
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Fic. 1. Defoliation effect on total biomass and total N yield (a) without and (b) with competition (one or four tillers per
pot), and defoliation effect on (c) N concentration of OFF-colony and ON-colony populations of Bouteloua gracilis. Each
point represents the mean of 5 (a and b) or 10 (c) replicates. Defoliation intensity symbols: 0 = no defoliation, L = light
defoliation, H = heavy defoliation. Significance levels for the three treatments are indicated in Table 1.
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FiG. 2. Defoliation effect on aboveground and root biomass and on N yield of OFF-colony and ON-colony populations
of Bouteloua gracilis (a) without and (b) with competition (one or four tillers per pot). Each point represents the mean of five
replicates. Significance levels in Table 1. Defoliation intensity symbols as in Fig. 1.

with the whole-plant response, OFF-colony plants sig-
nificantly (Table 1) outproduced ON-colony plants in
both biomass and N yields in both subsystems, but the
differences were much greater aboveground than be-
lowground (Fig. 2). Aboveground biomass and N yields
were, respectively, 173 and 256% as high in the OFF-
colony population, and belowground values were 41
and 44% as high, as in the ON-colony population.
Competition reduced above- and belowground bio-
mass an average of 56 and 58%, and N yield an average
of 60 and 57%, respectively, in the OFF- and ON-
colony populations.

Biomass production of the two subsystems in both
populations was significantly reduced with increasing
defoliation intensity, but only belowground N yield
was significantly reduced (Table 1; Fig. 2). Although
light defoliation appeared to increase aboveground N
yield slightly, the effect was not statistically significant
(Table 1). Aboveground N concentration, however, did
increase with defoliation, but it did not differ between

populations (Table 1). While defoliation decreased root
biomass (Fig. 2), it increased N uptake per unit of root
biomass in both populations (Fig. 3). However, con-
trary to what was expected, the OFF-colony population
had approximately twice the root-specific N accumu-
lation as the ON-colony population at all three defoli-
ation intensities (Fig. 3). The effect of competition was
nonsignificant (Table 1).

Root: shoot ratios for biomass production and N
yield were significantly greater in the ON-colony pop-
ulation (Table 1; Fig. 4). Although ON-colony plants
exhibited reductions in both biomass and N root : shoot
ratios following defoliation, only the N root : shoot ra-
tio was significantly decreased by defoliation in OFF-
colony plants (Table 1; Fig. 4). The N root : shoot ratio
had a greater drop than the biomass ratio.

Individual plant parts

The OFF-colony population had significantly higher
biomass and N yields than the ON-colony population
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Fic. 3. Defoliation effect on root-specific N accumulation
[(total plant N) =+ (root biomass at harvest)] for OFF-colony
and ON-colony populations of Bouteloua gracilis. Each point
represents the mean of 10 replicates averaged over both com-
petition treatments. Significance levels in Table 1. Defoliation
intensity symbols as in Fig. 1.

for the five parts considered: roots, crowns, sheaths,
blades, and reproductive structures (Table 1; Figs. 2
and 5). Similarly, plants growing without competition
outyielded, in both biomass and nitrogen of every plant
part, plants growing with neighbors (Table 2). Defoli-
ation, however, affected biomass and N yields of the
plant parts in different ways. Increasing intensity of
defoliation reduced biomass and N yields of repro-
ductive structures, crowns, and roots (Table 1; Figs. 2

HERBIVORY OF BOUTELOUA GRACILIS
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Fic. 4. Defoliation effect on biomass and nitrogen root:
shoot ratios of OFF-colony and ON-colony populations of
Bouteloua gracilis. Each point represents the mean of 10 rep-
licates. Significance levels in Table 1. Defoliation intensity
symbols as in Fig. 1.

and 5C, D). Sheath and blade biomass and sheath N
yield were not affected by defoliation, but blade N yield
increased (Table 1; Fig. 5A).

Blade : sheath ratios calculated for biomass and N
yields were higher in the ON-colony population (Table

TaBLE 2. Competition effects on plant parts (X + sg; n = 15). W.0.C. = without competition; W.C. = with competition;
* P < 05, % P < .01; ** P < 001; Ns = nonsignificant (P > .05). P for within-population comparison. There were no
significant population x competition interactions in the variables measured.

OFF-colony population

ON-colony population

Trait W.0.C. W.C. W.0.C. W.C. P
Biomass (g)
Blades 0.85 £ 0.12 0.4 = 0.08 0.38 £ 0.26 0.22 £ 0.05 Hrk
Sheaths 0.61 £ 0.13 0.24 £ 0.10 0.18 £ 0.04 0.08 + 0.03 wokx
Reproductive structures 0.90 £ 0.34 0.28 = 0.14 0.19 = 0.07 0.05 = 0.03 *x
Crowns 0.79 = 0.17 0.32 £ 0.07 0.30 = 0.06 0.21 £ 0.07 **
Roots 1.04 + 0.25 0.43 + 0.08 0.74 + 0.18 0.31 £ 0.05 *xk
% blade 240 + 2.2 26.8 + 1.8 26.9 + 2.6 272+ 23 NS
% sheath 13.5+ 1.4 11.6 + 1.8 9.6 £ 0.8 6.8 £ 1.1 NS
% reproductive structures 14.8 £ 3.7 7.4 + 2.6 6.4+ 1.5 2.7+ 1.0 *x
% crown 189 = 1.4 21.8 £ 1.4 17.4 £ 0.9 229 = 1.3 *xk
% roots 28.8 + 3.9 324 + 3.0 39.2 £ 23 40.4 + 3.1 NS
Blade : sheath ratio 22 +04 3.7 0.9 3.1 04 5.2 +0.7 *x
Nitrogen yield (mg)

Blades 17.6 + 4.2 6.4 £ 1.7 5.7+ 1.5 3.1+ 1.0 *xk
Sheaths 7.4 £ 1.8 3.0 £ 1.1 1.5+ 0.3 0.6 £ 0.2 *xk
Reproductive structures 7.7 £23 28 £ 1.5 1.0 £ 0.3 0.2 £ 0.1 *
Crowns 6.9 £ 1.6 2.7 £ 0.7 1.9 £0.3 1.3 +£04 *xk
Roots 8.3+ 1.8 3.6 £1.0 4.7 = 1.1 1.9 +£04 *okk
% blade 36.3 + 4.2 38.7 + 3.8 40.9 + 4.2 40.7 £ 4.4 NS
% sheath 124 £ 1.4 10.1 £ 1.7 9.4 + 0.9 5.7 £ 0.8 *
% reproductive structures 128 £ 3.3 6.8 + 2.5 5.0 = 1.1 1.9 £ 0.7 *
% crown 149 + 0.9 17.7 = 1.7 13.5 £ 0.7 18.3 £ 1.5 **
% roots 23.6 + 4.0 26.8 + 3.3 31.1 + 34 334 + 3.7 NS
Blade : sheath ratio 3.7+ 1.0 6.7 £ 0.7 49 + 0.7 9.0+ 1.4 *x
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Fic. 5. Defoliation effect on biomass and N yields of (a) blades, (b) blade : sheath ratios, (c) reproductive structures, and
(d) crowns of OFF-colony and ON-colony populations of Bouteloua gracilis. Each point represents the mean of 10 replicates
averaged over both competition treatments. Significance levels in Table 1. Defoliation intensity symbols as in Fig. 1.

1; Fig. 5B). Defoliation (Fig. 5B) and competition (Ta-
bles 1 and 2) significantly increased the ratios for both
populations.

Analysis of relative bicmass and nitrogen allocation
patterns revealed population differences in three plant
parts: sheaths, reproductive structures, and roots (Ta-
ble 1; Figs. 4 and 5). Overall, OFF-colony plants al-
located a higher percentage of their biomass and N to
sheaths (4.4 and 3.7% more, respectively) and to re-
productive structures (6.5 and 6.4% more), whereas
ON-colony plants allocated a greater percentage of their
biomass and N to roots (9.2 and 7.1% more). The two
populations did not differ in percent allocation of bio-
masss and N to leaf blades or crowns. Apparently, the
higher root : shoot biomass and N ratios of the ON-
colony population (Fig. 4) resulted from a greater per-
centage of resources allocated to roots at the expense
of sheaths and reproductive structures.

Relative biomass and N allocation were differen-
tially affected by defoliation (Table 1). Biomass and N

allocation to leaf blades increased to an average of 35
and 53% of the plant’s biomass and nitrogen in the
blades of heavily defoliated plants. Both N allocation
to the remaining plant parts (except sheaths) and bio-
mass allocation to reproductive structures were re-
duced with defoliation. However, in contrast to the
OFF-colony population, the ON-colony population
showed a significant reduction in root biomass allo-
cation with defoliation (Table 1; Fig. 4).

Competition reduced biomass and N allocation to
reproductive structures, reduced sheath N allocation,
and increased both biomass and N allocation to the
crown (Table 2).

DiscussioN

The two populations of Bouteloua gracilis, with con-
trasting grazing histories, were significantly different in
both whole-plant and individual plant part biomass
and N yields. In every case, the taller OFF-colony pop-
ulation outyielded ON-colony plants. Previous work in
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Wind Cave National Fark has shown that populations
of Bouteloua gracilis and Agropyron smithii Rydb.
growing on prairie dog colonies are not only less pro-
ductive, but are also shorter and more prostrate than
plants from lightly grazed or ungrazed populations,
even after 3 yr of growth in the greenhouse (Detling
and Painter 1983, Cid 1985, Painter 1987). Further-
more, both populations occur throughout the grass-
land, with the shorter morph predominating on the
prairie dog colonies and the taller morph on the un-
colonized sites (Painter 1987). This suggests that ge-
netic differentiation has occurred as a result of strong
selection pressure from heavy grazing favoring shorter
morphs on prairie dog colonies (Detling and Painter
1983, Detling et al. 1986). Other investigations have
also shown genetic differences among populations sub-
jected to different grazing or mowing regimes (Gregor
and Sansome 1926, Stapledon 1928, Kemp 1937,
Brougham and Harris 1967, McNeilly 1981, Scott and
Whalley 1984, Carman and Briske 1985). Although
our results are consistent with these previous reports,
we cannot rule out completely the possibility of phe-
notypic plasticity, because our plants were collected
only 6 mo prior to initiation of the experiment.

Our finding that nondefoliated plants outproduced
heavily defoliated plants from both populations is con-
sistent with most previous reports (Jameson 1963), and
for B. gracilis in particular (Santos and Trlica 1978,
Detling et al. 1980, Detling and Dyer 1581). Although
defoliation reduced total biomass production, blade
and sheath production were not significantly affected
(Table 1, Fig. 5A). Resistance to grazing has been as-
sociated with the plants’ ability to replace lost leaf tis-
sue (Hyder 1972), and our results agree with those of
other studies in which defoliated plants exhibited in-
creased allocation of biomass (Detling et al. 1979,
Caldwell et al. 1981, Ruess et al. 1983, Ruess and
McNaughton 1984), photosynthate (Detling et al. 1980),
and nitrogen (Wallace et al. 1982, Ruess et al. 1983,
Ruess and McNaughton 1984) to leaves.

In our study, despite root biomass reductions, ni-
trogen uptake per unit of root biomass and N yield per
unit of plant production increased in response to de-
foliation (Figs. 1, 2, 3). A few other investigators have
documented increases in nutrient uptake in response
to defoliation (Ruess et al. 1983, McNaughton and
Chapin 1985). They proposed that the greater sink
strength of grazed shoots results in increased nutrient
acquisition per unit of root biomass. We propose an
alternative mechanism: phloem retranslocation of
minera! nutrients from shoots to roots is known to
regulate uptake rates by the roots (Marschner 1986).
A decline in retranslocation rate of a given mineral
nutrient (because of defoliation) may constitute a “‘sig-
nal” for increasing the rate of uptake of the nutrient.

Increases in foliage nitrogen concentration, in re-
sponse to grazing, have been known to occur in grasses
(Jameson 1963, Everson 1966, Chapin 19805, Detling
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and Painter 1983). However, in contrast to results from
previous field studies in Wind Cave National Park
(Coppock et al. 19834, Krueger 1986), ON-colony
plants did not have greater shoot N concentrations than
OFF-colony plants (Table 1). Possibly the higher shoot
N concentration of ON-colony populations in the field
results from the potentially greater nitrogen input from
excretion products of herbivores that graze on prairie
dog colonies (Coppock et al. 1983b, Krueger 1986),
from greater N availability resulting from increased N
mineralization rates (E. Holland, personal communi-
cation), and from greater intensity of defoliation (Krue-
ger 1986).

Contrary to our expectations, OFF-colony plants had
greater nitrogen uptake per unit of root than ON-col-
ony plants (Fig. 3). Because they attained a larger size
and had a greater number of tillers and culms than
ON-colony plants (P = .01) when planted from similar-
sized single tillers (Jaramillo 1986), we assume that
OFF-colony plants had greater growth rates. Rapid
biomass accumulation can result in high root absorp-
tion capacity and rapid mineral accumulation (Chapin
1980a). which would account for the highcr root-spe-
cific N accumulation, nitrogen yield, and nitrogen con-
centration of the OFF-colony population.

Analysis of the relative allocation patterns of bio-
mass and nitrogen (root : shoot ratios and percent al-
location to plant parts) revealed important differences
between the two populations (Figs. 4 and 5). ON-col-
ony plants allocated a greater percentage of resources
than OFF-colony plants to the root system, whereas
the latter allocated a higher percentage to sheaths and
reproductive structures. A higher investment in roots
has been considered necessary to offset the negative
effects of limited water or nutrient availability, or of
frequent shoot removal by fire or grazing (Marshall
and Sagar 1965, Mooney 1972, Chapin and Slack 1979,
Chapin 19804, Redmann and Reekie 1982, Mooney
and Gulmon 1983). In addition to defoliation by prai-
rie dogs, ON-colony plants face heavier grazing pres-
sure than plants at other sites because of preferential
feeding by bison and pronghorn on the prairie dog
colonies (Coppock et al. 1983b, Krueger 1986). Fur-
thermore, they also experience greater removal of root
biomass by nematodes than OFF-colony plants (In-
gham and Detling 1984). Such interacting biotic pres-
sures may have played an important role in selecting
for ON-colony B. gracilis plants devoting a greater pro-
portion of their resources to roots than plants from
uncolonized sites. On the other hand, plants growing
off the prairie dog colonies are taller (Detling and Paint-
er 1983, Brizuela 1985), and canopy cover in these
sites is greater than on colonized sites (Coppock et al.
19834, Krueger 1986, Archer et al. 1987). Therefore,
plants growing off the prairie dog colonies probably
experience a more light-limiting environment. A great-
er investment in sheaths would allow the plants to hold
their blades up higher in the canopy.
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For most grasses, grazing may remove not only fo-
liage but reproductive structures as well. Our results
show that, although defoliation reduced production of
reproductive tissue in both populations, OFF-colony
plants consistently allocated both more biomass and
more N (absolute and relative) to reproduction than
ON-colony plants (Fig. 5). Reproductive structures
should not face serious predation risk in lightly grazed
OFF-colony sites. In fact, field studies have shown that
flowering and seed production are reduced by heavy
grazing on prairie dog colonies (Brizuela 1985). Re-
productive differences have also been documented for
grazed and ungrazed populations of Danthonia spp.,
but in this case plants from heavily grazed sites have
increased fecundity (Scott and Whalley 1984).

Although nondefoliated plants of both populations
had similar biomass and N allocation patterns, as has
been shown for other grasses (Pavlik 1983, Adams and
Wallace 1985), defoliation altered them substantially
(Figs. 4 and 5). The significant increases in the per-
centage of biomass and N allocated to leaf blades (from
17 to 35% and from 20 to 53%, respectively), as well
as in blade N yield and blade: sheath ratios (Fig. 5),
suggest that defoliated plants from both populations
have the ability to rapidly restore photosynthetic ca-
pacity. However, following defoliation, plants from the
prairie dog colony reduced both biomass and nitrogen
allocation to the root system, while OFF-colony plants
reduced only nitrogen allocation to the roots. Such a
response may allow the ON-colony plants to more rap-
idly restore root : shoot equilibrium, which presumably
should enhance their ability to tolerate herbivory
(Caldwell et al. 1981, Richards 1984).

Plants show both plastic and mortality responses to
increased density (Harper 1977). Both populations
showed plastic responses by decreasing biomass and
N vyields between 50 and 60%. Similar density effects
have been noted in other grasses (Donald 1963, Harper
1977, Williams and Ingber 1977, Tripathi and Gupta
1980).

Very few studies have focused on the interactive
effects of density and herbivory or defoliation (Dirzo
and Harper 1980, Lee and Bazzaz 1980, Tripathi and
Gupta 1980). In contrast to Lee and Bazzaz (1980), we
did not find a significant interaction between heavy
defoliation and competition. Possibly, the absence of
interaction occurred because all plants in each pot were
evenly clipped. Thus, a single clipped plant was not in
a disadvantageous position with regard to nondefoli-
ated neighbors. However, another study with species
mixtures has also shown independent effects of defoli-
ation and competition, in which defoliated plants were
not in a disadvantageous position with regard to non-
defoliated neighbors of different species (Fowler and
Rausher 1985).

Biomass reductions caused by increased density in
nondefoliated plants were similar in magnitude to those
caused by heavy defoliation on isolated individuals
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(Figs. 1 and 2). This supports the conclusion of Dirzo
and Harper (1980) that grazing may substitute for den-
sity as the cause of death or plastic change in plant
populations. Our study also supports their argument
that results from field studies using exclosures are the
consequence not only of grazing prevention but also
of a concomitant increase in interference between the
ungrazed plants.

Capacity to make use of nutrients may influence the
competitive ability of a plant species (Donald 1963,
Tilman 1982). Root-specific N accumulation, a mea-
sure of the plant’s ability to capture nitrogen, was not
impaired by the presence of neighbors of the same
population. This suggests that N-yield reductions by
competition may have resulted principally from plants
in the high-density treatment drawing nutrients from
a relatively smaller pool, compared with a plant grow-
ing alone in a pot.

Results from studies of Agropyron smithii from Wind
Cave National Park (Detling and Painter 1983, Detling
et al. 1986) suggested that ON-colony plants would
withstand defoliation better than OFF-colony plants.
However, this was not the case with the ON-colony
population of B. gracilis, which has seemingly been
selected more for a strategy that reduces grazing se-
verity than for a “grazing tolerance™ strategy. We sug-
gest this because the lack of a significant population X
defoliation interaction means the two populations have
similar responses to defoliation (except for the two
cases already discussed). Plants of both populations are
capable of both effectively replacing their lost photo-
synthetic structures and increasing their aboveground
N concentration. In this context, the short stature and
more prostrate growth form of ON-colony plants should
enable them to reduce the proportion of aboveground
structures consumed by herbivores and enhance their
probabilities of survival and persistence under heavy
grazing. This may be especially so, considering that
ON-colony populations have greater blade : sheath ra-
tios (Fig. 5B; Detling and Painter 1983), which makes
them, potentially, a more rewarding resource for her-
bivores. The growth form advantage, however, was not
examined in our study.

Finally, our study showed population differences in
biomass and nitrogen yields, in relative allocation pat-
terns and their plasticity in response to defoliation, and
in the plants’ ability to take up nitrogen. We suggest
the differences we observed may have been the result
of a strong selection pressure, heavy grazing by mam-
mals, that has produced genetic differentiation of the
populations in a relatively short time. The occurrence
of rapid genetic changes in populations has been doc-
umented by a number of workers (Brougham and Har-
ris 1967, Antonovics 1976, Snaydon 1978), and it is
likely that other processes associated with grazing on
the prairie dog colonies (e.g., increased nutrient inputs)
have also contributed to the differentiation of the nu-
trient physiology of B. gracilis populations.
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