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Abstract The occurrence, longevity, and contribution of
axillary bud banks to population maintenance were
investigated in a late-seral perennial grass, Bouteloua
curtipendula, and a mid-seral perennial grass, Hilaria
belangeri, in a semiarid oak-juniper savanna. Axillary
buds of both species were evaluated over a 2-year period
in communities with contrasting histories of grazing by
domestic herbivores. A double staining procedure uti-
lizing triphenyl tetrazolium chloride and Evan’s blue
indicated that both viable and dormant axillary buds
remained attached to the base of reproductive parental
tillers for 18-24 months which exceeded parental tiller
longevity by approximately 12 months. Bud longevity of
the late-seral species, B. curtipendula, exceeded bud lon-
gevity of the mid-seral species, H. belangeri, by approx-
imately 6 months. Younger buds located on the distal
portion of the tiller base were 3.2 and 1.4 times more
likely to grow out than older proximal buds of B. curt-
ipendula and H. belangeri, respectively. The percentage of
older proximal buds, which included comparable port-
ions of viable and dormant buds, that grew out to pro-
duce tillers following mortality of parental tillers was
6.0% for B. curtipendula and 8.4% for H. belangeri. In
spite of the occurrence of relative large axillary bud
banks for both species, the magnitude of proximal bud
growth did not appear sufficient to maintain viable tiller
populations. We found no evidence to support the hy-
pothesis of compensatory bud growth on an individual
tiller basis for either species. Grazing history of the
communities from which the buds were collected did not
substantially affect the number, status, longevity, or
outgrowth of axillary buds on an individual tiller basis
for either species. However, long-term grazing by do-
mestic herbivores influenced axillary bud availability by
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modifying population structure of these two species. Bud
number per square meter for B. curtipendula was 25%
lower in the long-term grazed compared to the long-term
ungrazed community based on a reduction in both tiller
number per plant and plant number per square meter. In
contrast, bud number per square meter for H. belangeri
was 190% greater in the long-term grazed than in the
long-term ungrazed community based on a large increase
in plant density per square meter. Minimal contributions
of axillary bud banks to annual maintenance of tiller
populations in this mid- and late-seral species under-
scores the ecological importance of consistent tiller re-
cruitment from recently developed axillary buds. Con-
sistent tiller recruitment in grasslands and savannas
characterized by intensive grazing and periodic drought
implies that (1) bud differentiation and maturation must
be remarkably tolerant of adverse environmental condi-
tions and/or (2) tiller recruitment may resume from buds
that mature following the cessation of severe drought
and/or grazing, rather than from mature buds that sur-
vive these disturbances. These scenarios warrant addi-
tional research emphasis given the critical importance of
this demographic process to tiller replacement in species
populations and the maintenance of relative species
abundance in grasslands and savannas.

Key words Axillary buds - Bud demography -
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Introduction

Plant and population persistence in perennial grasses
requires annual tiller recruitment to offset mortality
losses associated with short tiller longevity (< 2 years)
(White 1980; Briske and Butler 1989). Frequent tiller
turnover within species populations presents an oppor-
tunity for shifts in relative species abundance to occur. If
tiller recruitment was suppressed for a period equivalent
to the maximum longevity of existing tillers, all apical



meristems would be lost, the population would experi-
ence a substantial reduction in tiller density, and po-
tentially face local extinction. Yet, numerous perennial
grasses demonstrate remarkable persistence to intensive
grazing and periodic drought, which comprise the major
large scale disturbances, in grasslands and savannas.
These disturbances remove existing biomass to varying
degrees (Grime 1979, p. 39), but do not completely
destroy seed and/or meristematic tissues located at or
beneath the soil surface except in the most extreme cases.
What mechanisms enable grasses to offset tiller mortal-
ity on an annual basis and maintain tiller densities in
spite of these disturbances? Mechanisms of population
persistence collectively contribute to the stability of
grassland and savanna communities by affecting the
relative abundance of species populations through time.

In situations where tiller recruitment is constrained
by drought and/or intensive grazing, tiller recruitment
can potentially resume from axillary buds that survive
the disturbance, axillary buds that develop following the
disturbance, or by plant establishment from seed in the
soil (e.g., Eriksson 1989). Axillary buds are rudimentary
apical meristems differentiated from the apical meri-
stems of parental tillers that can potentially grow out to
produce juvenile tillers (Sharman 1945; Langer 1963). It
is generally recognized that tiller initiation and growth
are suppressed by suboptimal environmental conditions
(Langer 1963), including drought (Busso et al. 1989;
Van Loo 1992) and severe defoliation (Olson and
Richards 1988; Murphy and Briske 1992). In addition,
the transient nature (<1 year) of seed banks of tem-
perate perennial grasses is well documented (Thompson
and Grime 1979; Pyke 1990). However, relatively little is
known about the occurrence, longevity, and ecological
significance of axillary bud banks given their potential
importance to plant and population persistence in
perennial grasses.

Two contrasting interpretations exist concerning the
longevity and contribution of axillary buds to the
maintenance of tiller populations. One interpretation
is that longevity of axillary buds exceeds that of parental
tillers (e.g., Silsbury 1964; Leakey et al. 1977;
McKendrick et al. 1975) while the second interpretation
is that buds that do not grow out to produce juvenile
tillers following maturation rapidly senesce (e.g.,
Mitchell 1953; Dahl and Hyder 1977). The first inter-
pretation is supported by observations of 2- to 3-year-
old buds in Agropyron desertorum and A. spicatum
(Busso et al. 1989), Andropogon gerardii (McKendrick
et al. 1975) and Trichachne californica (Cable 1971). If
this interpretation accurately characterizes most peren-
nial grass species, then axillary buds may accumulate to
form a bud bank (sensu Harper 1977, p. 108) with the
potential to initiate juvenile tillers. Accumulation of
dormant axillary buds may potentially form a more
persistent meristematic source than seed banks in tem-
perate perennial grasses which seldom retain seed via-
bility for more than 1 year (Thompson and Grime 1979;
Pyke 1990; Kinucan and Smeins 1992). The second in-
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terpretation is supported by observations that tiller
growth most frequently occurs from the youngest, most
distal, mature buds along tiller bases (Mitchell 1953;
Mueller and Richards 1986; Busso et al. 1989) or rhi-
zomes (Leakey et al. 1977; Harris and Davy 1986) and
that juvenile tillers are infrequently initiated from older
proximal buds (Mitchell 1953; McKendrick et al. 1975;
Hume 1991).

Axillary bud banks would intuitively seem to be a
more adaptive trait of species in arid or semiarid envi-
ronments and/or in systems subjected to long-term
intensive grazing (e.g., Tuomi et al. 1994). It is in these
systems that disturbances would be more likely to sup-
press tiller recruitment and jeopardize population per-
sistence. Similarily, highly competitive late-seral species
would be anticipated to accumulate greater numbers of
axillary buds to maintain site occupation and dominance
following disturbance (e.g., De Kroon and Knops 1990).

A series of experiments were conducted with a late-
seral perennial grass, Bouteloua curtipendula Michx.
(Torr.), and a mid-seral perennial grass, Hilaria belan-
geri (Steud.) Nash, to investigate the occurrence, lon-
gevity, and contribution of axillary bud banks to pop-
ulation persistence. We investigated three hypotheses:

1. Axillary bud longevity exceeds parental tiller longev-
ity for both species.

2. Axillary bud longevity of the late-seral species exceeds
that of the mid-seral species.

3. Tiller recruitment from axillary bud banks represents
a substantial contribution to maintenance of tiller
populations for both species.

Reproductive tillers of both species were marked and
destructively evaluated over a 2-year period in commu-
nities with contrasting histories of grazing by domestic
herbivores. Tiller selection at the time of flowering
provided a developmental reference to ensure that sub-
sequent buds were not differentiated after their initial
selection and marking (Sharman 1945; Langer 1972,
p. 25). Vegetative tillers were evaluated at the same
sampling dates as reproductive tillers to provide an
estimate of the number, viability and outgrowth of
currently developed axillary buds.

Methods
Study Area

Research was conducted at the Texas A&M University Agricul-
tural Research Station 56 km south of Sonora, Texas USA
(31°18'N; 100°28'W). The station is located in the southwestern
portion of the Edwards Plateau Land Resource Area at an eleva-
tion of 735 m. The climate is classified as sub-tropical and semiarid
(Smeins et al. 1976; Smeins and Merrill 1988). Mean temperature is
highest in July (30°C) and lowest in January (9°C). Median long-
term precipitation is 439 mm, but it is highly erratic both within
and between years. May and September are typically the wettest
months while November and January tend to be the driest. Mean
annual precipitation was 73.6, 98.1, and 94.3% of the long-term
mean for 1993, 1994, and 1995, respectively. Mean annual precip-
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itation was 105% of the long-term mean for the 3 years prior to the
investigation. Topography of the research station is highly dis-
sected and soils contain large amounts of limestone fragments,
stones, and gravel and are underlain by a limestone substratum.
Dominant soils are Tarrant stony clays, of the thermic family of
Lithic Haplustolls formed over fractured Buda and Edwards
limestone. The area is potentially a midgrass dominated grassland
with scattered individuals or clumps of woody plants including,
Quercus virginiana, Q. pungens var. vaseyena, Juniperus ashei and
J. pinchotii (Smeins et al. 1976; Smeins and Merrill 1988). However,
intensive, long-term grazing by domestic herbivores has altered
species composition by reducing the abundance of late-seral mid-
grasses, including B. curtipendula, and increasing the abundance of
mid-seral shortgrasses, including H. belangeri, and several shrub
species. The abundance of late-seral midgrasses, including B. curt-
ipendula, has increased following long-term (50 years) protection
from domestic herbivores (Smeins et al. 1976; Smeins and Merrill
1988).

This investigation was conducted in two communities with
contrasting grazing histories. Both communities had been inten-
sively and continuously grazed by domestic herbivores from 1870
to 1948 (Youngblood and Cox 1922; Smeins and Merrill 1988).
One of the communities has been protected from grazing by do-
mestic, but not native, herbivores since 1948, while the other has
been continuously grazed since that time. The two communities
were approximately 2.5 km apart and specific study sites were lo-
cated on similar soils with comparable topography. The long-term
grazed community has a smaller proportion of late-seral grasses,
including B. curtipendula and Eriochloa sericea, and a greater
proportion of mid-seral shortgrasses, including H. belangeri,
Bouteloua trifida, and Erioneuron pilosum, compared to the un-
grazed community (Smeins et al. 1976; Smeins and Merrill 1988)

Procedures

Approximately 150 B. curtipendula and 150 H. belangeri tillers with
inflorescences were located on individual plants and permanently
marked with wire loops along transects in the intensively grazed
and ungrazed communities. Reproductive tillers were selected to
ensure that axillary bud differentiation and maturation had ceased
by the time of marking. Axillary buds develop prior to the time of
floral induction when differentiation of leaf primordia ceases and
inflorescence production begins (Sharman 1945; Langer 1972,
p- 25). Immediately following marking in June 1993, 15 marked
tillers of each species were harvested from individual plants, and 15
additional tillers were harvested in November 1993, and again at
comparable dates in 1994, and in May 1995. Tillers were trans-
ported to the Texas A&M University campus where the tiller bases
were cleaned by removing soil and senescent plant material prior to
assessing bud number and viability.

Axillary buds of B. curtipendula were short, ovate structures
enclosed by hardened prophylls. Mean bud length was approxi-
mately 3.6 mm and prophyll lengths decreased proximally along
the crown base. Axillary buds of H. belangeri were lancolate
structures without hardened prophylls. Mean bud length was ap-
proximately 3.0 mm and prophyll lengths were similar along the
entire length of the tiller base.

The maximum number of buds per tiller was based on the cu-
mulative sum of four bud categories including (1) buds which had
grown out to form tillers, rhizomes or stolons (live or dead),
(2) missing buds based on the occurrence of bud scars, or (3) leaf
scars, and (4) existing visible buds. Leaf scars, located at the point
of sheath attachment to the tiller base, identified the position of
potential buds when a bud scar could not be located. Only those
axillary buds located on the basal 20 mm of the parental tiller
(crown region) were evaluated. We recognize that some species may
not possess buds in all leaf axils (Mueller and Richards 1986). The
maximum number of buds per tiller were divided into three equal
numerical categories based on their position along the tiller base.
These categories were designated as distal, mid, and proximal and
were used to chronologically evaluate bud viability and outgrowth.

Bud viability was determined with a double staining procedure
described by Busso et al. (1989). Buds were stained with a 2,3,5-
triphenyl tetrazolium chloride (TTC) solution to determine viabil-
ity and those that did not stain with TTC were placed in a 0.25%
w/v solution of Evan’s blue for 20 min at room temperature to
verify bud death. Dead buds were readily identified by a deep blue
stain (Gaff and Okong’o-ogola 1971). Buds that did not stain with
either TTC or Evan’s blue, and which were obviously not necrotic,
were considered dormant (e.g., Busso et al. 1989).

Fifteen vegetative tillers in the two-to-five-leaf stage were de-
structively harvested from individual plants for each species and
bud numbers and viability were determined as previously described
for reproductive tillers. Vegetative tillers were collected at the same
sampling dates as reproductive tillers to provide an estimate of
current axillary bud numbers and viability in contrast to the older
reproductive tillers.

Bud densities for each of the two species were established by
determining mean plant density per square meter, subsampling
mean tiller density per plant, then multiplying by the mean bud
number per tiller in both communities in June 1994. In the un-
grazed community, plant densities were estimated in 50 (0.25 m?)
quadrats located along line transects. Tiller numbers were counted
in two plants of each species located in opposite corners of the
quadrat. Plant density was sampled in a _similar manner in the
grazed community, but a smaller (0.18 m?) quadrat was used to
efficiently sample the higher density of smaller plants.

Statistical analyses were conducted using chi-square contin-
gency table analysis (Conover 1980, p. 143). Comparisons were
made by species, bud position on the tiller base, and bud viability
for both reproductive and vegetative tillers. Analyses were con-
ducted by date and data were pooled if no significant date differ-
ences were observed. Lack of replication prevented a statistical
comparison between communities with contrasting grazing histo-
ries (Hurlbert 1984).

Results

A significantly (P < 0.01) greater percentage of axillary
buds in the distal and mid positions of reproductive
tillers grew out to form tillers, rhizomes or stolons
compared to proximal buds for B. curtipendula in both
communities and for H. belangeri in the ungrazed
community (Fig. 1). Only 5.3 and 6.0% of the proximal
buds of B. curtipendula and 8.4 and 4.5% of the prox-
imal buds of H. belangeri grew out in the grazed and
ungrazed communities, respectively. The proportion of
buds that grew out averaged across positions was 12 and
10% greater for reproductive tillers of B. curtipendula
than for H. belangeri tillers (P < 0.05) in the grazed
and ungrazed communities, respectively. Approximately
39 and 36% of the maximum number of axillary buds
grew out from all positions along the base of repro-
ductive B. curtipendula tillers in grazed and ungrazed
communities, respectively, while approximately 24 and
29% of the maximum number of axillary buds grew out
from all positions of reproductive H. belangeri tillers in
grazed and ungrazed communities, respectively. How-
ever, lack of replication prevented a direct statistical
comparison between communities with contrasting
grazing histories.

B. curtipendula had a mean maximum bud number
(sum of all four bud categories) of 8.5 and 7.5 buds per
tiller while H. belangeri had a mean maximum bud
number of 5.7 and 5.4 buds per tiller (P < 0.10) in the



Grazed Community Ungrazed Community
Bouteloua curtipendula

a a b )
g, 40 193 178 177
[0] X
820 % :
(0]
2
5107 1
[5}
4
0
[ ] Not Grown Out
(550 Grown Out
Hilaria belangeri
L a a a a a b |
407 407 102 102
g 30 <
8 20t i
[0]
2 i
T 10
[0)]
4
Distal Mid Proximal Distal Mid Proximal
Bud Position Bud Position

Fig. 1 Mean maximum number of buds by distal, mid, and proximal
positions along reproductive tiller bases (numerals above bars) and
relative percentage of bud outgrowth by position for Bouteloua
curtipendula and Hilaria belangeri in communities with contrasting
grazing histories. Bars marked with a different /letter indicate a
significant difference for the relative percentage of buds grown out
between positions as determined by a 7 test; n = 60 and 75 tillers per
community for H. belangeri and B. curtipendula, respectively

grazed and ungrazed communities, respectively (Fig. 2).
Mean maximum bud number per reproductive tiller
decreased by the end of the investigation, except
for B. curtipendula in the ungrazed community. B. curti-
pendula had a greater number of remaining buds per
tiller (3.5-5.1) than did H. belangeri (1.9-3.8) at all
sampling dates (Fig. 2). The proportion of remaining
buds and buds that had grown out was relatively con-
stant throughout the investigation. A smaller percentage
of the maximum number of buds was assigned to leaf
and bud scar categories in B. curtipendula than in
H. belangeri, which indicates that the fate of buds was
more accurately determined in the larger, late-seral
species. Leaf scars accounted for up to 40% of the
maximum number of buds in H. belangeri tillers in the
grazed community.

The proportion of viable buds decreased significantly
(P < 0.01) within the first 12 months following per-
manent marking of reproductive tillers in both species
regardless of grazing history (Fig. 3). The mean number
of viable buds per tiller decreased by 25 and 50% in
B. curtipendula and by 10 and 66% in H. belangeri in the
ungrazed and grazed communities, respectively, at the
final sampling date that viable buds were recorded
compared to the initial sampling date. Bud viability
within a sampling date generally did not differ between
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Fig. 2 Mean maximum number of buds per tiller (numerals above
bars) and relative percentage comprised of buds that had grown out,
buds scars, leaf scars, and remaining buds for reproductive tillers of
Bouteloua curtipendula and Hilaria belangeri in communities with
contrasting grazing histories. All buds for Hilaria belangeri had
decomposed prior to may 1995; n = 15 tillers per community per
sampling date for each species

species, with the exception of the ungrazed community
in May 1994 when H. belangeri had 30% bud viability
compared to 20% bud viability for B. curtipendula.
However, B. curtipendula tillers retained viable buds
6 months longer than did H. belangeri tillers. The
number of dormant B. curtipendula buds per tiller re-
mained high and relatively constant throughout the
investigation, with the exception of the November 1994
sampling. B. curtipendula had one or more dormant
buds per tiller and H. belangeri had 0.6 dormant buds
per tiller after the first year. B. curtipendula had greater
than 0.5 dormant buds per tiller at the end of the second
year when H. belangeri had only nonviable buds. The
number of dormant buds per tiller was similar to viable
bud number at the last sampling date when viable buds
were recorded for each species, with the exception of
H. belangeri in the ungrazed community which had a
higher proportion of viable than dormant buds.

In contrast to reproductive tillers, bud outgrowth
from vegetative tillers was significantly greater in
H. belangeri than in B. curtipendula (P < 0.10)
(Fig. 4A). A mean of 0.54 and 0.38 buds per tiller grew
out in H. belangeri and B. curtipendula, respectively.
Greater than 70% of the maximum number of buds
remained on vegetative tillers, but only 5-10% of the
maximum number of buds grew out to form a tiller,
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Table 1 Estimated axillary bud number per m? for Bouteloua
curtipendula (BOCU) and Hilaria belangeri (HIBE) calculated from
the mean (#+ SE) number of viable and dormant buds per vegetative
tiller, number of vegetative tillers per plant, and plants per m? in

communities with contrasting grazing histories. Number of viable
and dormant buds per vegetative tiller represents a mean of all
sampling dates (see Fig. 4). Tiller number per plant and plant
number per m? were estimated in both communities in June 1994

Grazing Species Axillary buds tiller™
History
Viable Dormant Tillers plant™" Plants m™> Buds m 2
Ungrazed BOCU 3.8 £0.19 0.6 = 0.17 20.4 £ 3.7 8.0 £ 1.3 718
HIBE 3.1 £ 0.16 0.3 £ 0.08 22.6 £ 39 189 + 44 1452
Grazed BOCU 4.0 £+ 0.18 0.5 £ 0.11 44 + 0.8 27.0 £ 3.8 535
HIBE 2.8 + 0.15 0.1 + 0.05 13.1 = 1.4 111.0 + 8.4 4217
Grazed Community Ungrazed Community Grazed Community  Ungrazed Community
loua curtipendula 60 44 L
Boute P41 25 44 43 21 . 100 A . ~— Outgrowth
100 = ] 8 = B ~~| T BudScars
| E z 80 — = ~— Leaf Scars
1 8 777
S 80 =
g | 4 d‘: 60
c p
@ 60| i 2 4
5t |3
S a0l | @ 20 Buds
= L
g 0 1 o 7 :
& L : Bocu Hibe Bocu  Hibe
June Nov. May Nov. June N
“Too3™ " Togs 1998 “iegs”" MPos” 155 0o oo 30 AT 3% Nonviabe
Hilaria belangeri | 7 -—
38 23 1.7 25 27 © 80} ’//{///// Dormant
100 M = 7] Nonviable > 7] 7] i g | [
- XX 'E
o gy Dormant—> — 1 g 60
(=] i E L
8 S | a | ]
§ 60 |- ] ] g | Viable
gj i A ] % 207
o 40F AV § x
zZ . _ ] 0 .
3 20 7 Viable—> 7/ | Bocu  Hibe Bocu Hibe
14 L il 4
0 R . i Fig. 4 A Mean maximum number of buds per tiller (numerals above
June Nov. May Nov. June Nov. May Nov. bars) and relative percentage of buds that had grown out, bud scars,
1993 1994 1993 1994

Sampling Date Sampling Date

Fig. 3 Mean number of buds per tiller (numerals above bars) and
relative percentage of viable, dormant, and nonviable buds for
reproductive Bouteloua curtipendula and Hilaria belangeri tillers in
communities with contrasting grazing histories. All buds for Hilaria
belangeri had decomposed prior to May 1995; n =15 tillers per
community per sampling date for each species

rhizome or stolon. The maximum number of buds was
30% greater for B. curtipendula than for H. belangeri,
but the proportions of buds in each category remained
relatively constant for each species regardless of grazing
history. A smaller proportion of the maximum number
of buds was assigned to leaf scars and missing buds in
vegetative than in reproductive tillers indicating that
tiller age influenced bud availability and the accuracy
of interpretation. Bud viability was uniformly high,
exceeding 85%, in vegetative tillers of both species
(Fig. 4B). Dormant buds comprised the second largest

leaf scars, and remaining buds, and B mean number of buds per tiller
(numerals above bars) and relative percentage of viable, dormant, and
nonviable buds for vegetative tillers of Bouteloua curtipendula (Bocu)
and Hilaria belangeri (Hibe) in communities with contrasting grazing
histories; n = 75 tillers per community for each species

category in both species regardless of grazing history.
Few nonviable buds occurred in the vegetative tillers
compared to the older reproductive tillers within both
species. Grazing history of the communities from which
the buds were collected did not substantially modify the
number, status, longevity, or outgrowth of axillary buds
per tiller for either species. However, long-term grazing
affected axillary bud number per square meter by
modifying both tiller number per plant and plant density
per square meter. Estimated bud density per square
meter was 25% lower for B. curtipendula while estimated
bud density was 190% greater for H. belangeri in the
long-term grazed compared to the long-term ungrazed
community, respectively (Table 1).



Discussion

Both viable and dormant axillary buds existed on the
base of reproductive tillers for 18-24 months, which
surpassed parental tiller longevity of both perennial
grass species. Bud longevity of the late-seral species,
B. curtipendula, exceeded bud longevity of the mid-seral
species, H. belangeri, by at least 6 months. This is a
conservative estimate of bud longevity because the old-
est proximal buds were differentiated several months
prior to reproductive development when the tillers were
initially marked. However, the maximum percentage of
older proximal buds, which consisted of similar pro-
portions of viable and dormant buds, that grew out to
produce tillers, rhizomes or stolons was 6.0% for
B. curtipendula and 8.4% for H. belangeri. Conse-
quently, we were unable to reject the initial two hy-
potheses that axillary bud longevity exceed parental
tiller longevity for both species and that axillary bud
longevity of the late-seral species exceeded that of the
mid-seral species. However, the third hypothesis that
tiller recruitment from axillary bud banks represents a
substantial contribution to maintenance of tiller popu-
lations must be rejected based on the minimal number of
older proximal buds that grew out. Although this mag-
nitude of tiller recruitment from the bud bank may
contribute to genet survival, it does not appear to be of
sufficient magnitude to maintain viable tiller populations
on an annual basis. For example, even 10% outgrowth
of a maximum of 3.9 and 1.2 buds, including the dor-
mant and viable bud categories combined for B. curti-
pendula and H. belangeri tillers, respectively, 1 year after
inflorescence development, would not be sufficient to
offset parental tiller mortality. The potential contribu-
tion of the bud bank to tiller population maintenance is
reduced by approximately 50%, if only the dormant bud
category is considered.

Older proximal buds were less likely to grow out than
younger, distal buds affirming the previous interpretat-
ion of Mitchell (1953). Approximately 3.2 and 1.4 times
more distal than proximal buds grew out on reproduc-
tive tillers of B. curtipendula and H. belangeri, respec-
tively. Comparable patterns of bud outgrowth have been
documented in Agropyron cristatum, A. spicatum (Mu-
eller and Richards 1986; Busso et al. 1989) and Stipa
tenuis (Busso et al. 1993). This hierarchical pattern of
bud outgrowth is difficult to interpret because our
knowledge of the mechanisms regulating axillary bud
growth in grasses is largely speculative and of a corre-
lative, rather than a causal nature (Cline 1991; Murphy
and Briske 1992). Greater outgrowth of distal than
proximal buds is inconsistent with the ‘“hormonal”
theory of apical dominance because distal buds are
closest to the source of growth inhibition in the apical
meristem region (Cline 1991; Murphy and Briske 1992).
Decreasing nitrogen concentrations from distal to
proximal portions of tiller bases or rhizomes has been
proposed as an explanation for this pattern of bud
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outgrowth (Mclntyre 1970; Leakey et al. 1977). It has
recently been suggested that the hierarchy of bud out-
growth may be established by the rate of bud develop-
ment, rather than the size or developmental history of
buds (Novoplansky 1996). This interpretation also im-
plies that buds that have been inhibited for the shortest
period of time will have the greatest potential for out-
growth.

The proportion of bud outgrowth differed between
reproductive and vegetative tillers of the late- and
mid-seral species. Bud outgrowth from reproductive
B. curtipendula tillers was significantly higher than from
reproductive H. belangeri tillers, but the response was
reversed in vegetative tillers. This pattern of bud out-
growth suggests that a greater proportion of buds grew
out during the earlier stages of tiller development in the
mid-seral species than in late-seral species. A greater
proportion of bud outgrowth during the early stages of
tiller development suggests that buds of H. belangeri
experienced less correlative inhibition than did buds of
B. curtipendula. Greater bud inhibition would contribute
to the accumulation of a larger number of proximal
buds per tiller in the late-seral compared to the mid-seral
species.

A relatively large and constant proportion of dor-
mant axillary buds were evident in both species regard-
less of grazing history or sampling date. Dormant buds
have previously been observed to comprise a large
(60%) and consistent proportion of the bud bank in
Carex arenaria (Noble et al. 1979). The concept of
dormancy implies that buds cannot be activated re-
gardless of prevailing environmental conditions based
on innate properties of the dormant organ (Vegis 1964)
or that an appropriate set of environmental conditions
must be met for growth to occur (Villiers 1972; Vlee-
shouwers et al. 1995). Unfortunately, neither the envi-
ronmental conditions nor physiological processes
required to break dormancy in axillary buds are known
(Vegis 1964; Villiers 1972; Murphy and Briske 1992).
Dormancy within the context of the double staining
procedure was based on the observation that buds did
not stain with either TTC or Evan’s blue (e.g., Busso et
al. 1989) which indicates that membrane integrity re-
mained intact, but that respiratory activity was minimal.
Shoots of all of the initially marked parental tillers had
completely senesced by the end of the 2-year inv-
estigation, so it is difficult to envisage how dormant buds
would perceive environmental stimuli to break dor-
mancy and initiate growth. Dormant buds of 4. de-
sertorum and A. spicatum did not break dormancy and
initiate growth following parental tiller senescence re-
gardless of the environmental conditions to which they
had been exposed (Busso et al. 1989).

The occurrance of a large proportion of viable and
dormant buds in the proximal position that did not
growth out raises the possibility that proximal buds exist
as vestigial organs which have surpassed their opportu-
nity for outgrowth (e.g., Mitchell 1953; Dahl and Hyder
1977). Continued bud existence may be a consequence of
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the inability of parental tillers to abort them (e.g., ab-
sence of an abscission zone) and the apparent low cost
associated with bud maintenance. However, axillary
buds that were assumed to have had undergone a period
of dormancy have been reported to develop into tillers in
several perennial grasses (Heidemann and Van Riper
1967; Haslam 1969). Yet the development of smaller,
less vigorous tillers from older proximal buds compared
to those developed from more distal buds supports the
supposition that bud viability decreases with increasing
age (Mueller and Richards 1986).

The mechanism capable of sustaining viable and/or
dormant buds on senescent parental tillers for more than
1 year is not known. It has previously been hypothesized
that proximal buds may import resources from one or
more daughter tillers that had previously grown out
from the more distal buds of the parental tiller (Busso
et al. 1989). Small quantities of basipetally allocated
resources between younger and older tiller generations
has previously been documented (Welker et al. 1987,
1991) which may be sufficient to maintain bud viability
following shoot senescence of parental tillers. However,
only 12% of the H. belangeri tillers and none of the
B. curtipendula tillers that retained viable buds possessed
a live daughter tiller 18 and 24 months after marking,
respectively. An alternative interpretation is that buds
may be capable of storing sufficient energy and nutrients
to maintain minimal metabolic activity provided that
parental root systems retain the ability to absorb small
quantities of water following shoot senescence.

Axillary bud numbers of two to five per tiller, in
B. curtipendula and H. belangeri, were comparable with
previous investigations reporting three to nine buds per
tiller in A. desertorum and A. spicatum (Mueller and
Richards 1986) and 3.3 buds per tiller in Trichachne ca-
lifornica (Cable 1971). Bud densities for B. curtipendula
(535-718 m™?) were higher than those reported for
Calamovilfa longifolia (101 m™?), but comparable to those
reported for Andropogon gerardii (413 m™2) (Mullahey
et al. 1991) and Carex arenaria (160-590 m~2) (Noble
et al. 1979). Bud densities for H. belangeri (1452—
4217 m~2) were much higher than those previously re-
ported which is primarily associated with the higher tiller
densities characteristic of stoloniferous species.

Grazing history of the communities from which the
buds were collected, although not statistically evaluated
because of the lack of replication, did not substantially
affect the number, status, longevity, or outgrowth of
axillary buds on an individual tiller basis for either
species. However, frequent defoliation under drought
conditions has been shown to decrease bud number per
tiller in two Agropyron species (Busso et al. 1989) and
severe defoliation has been documented to decrease bud
viability in Trifolium repens (Newton and Hay 1996).
Bud viability of T. repens was only reduced at the nodes
where axillary bud development was occurring at the
time defoliation was imposed (Hay and Newton 1996).
In this investigation, axillary bud number per square
meter for B. curtipendula was 25% lower in the long-

term grazed compared to the long-term ungrazed com-
munity based on a reduction in both tiller number per
plant and plant number per square meter. In contrast,
bud number per square meter for H. belangeri was 190%
greater in the long-term grazed compared to the long-
term ungrazed community based on a large increase in
plant density per square meter. These data demonstrate
that the long-term effects of herbivory on axillary bud
density are predominantly expressed at the plant and
population levels, rather than at the individual tiller
level. This is an important distinction when invoking
axillary bud growth as a potential mechanism of her-
bivory resistance (e.g., Murphy and Briske 1992) or
compensatory growth in grasses (e.g., Tuomi et al.
1994). We found no evidence to support the hypothesis
of compensatory bud outgrowth on an individual tiller
basis in long-term grazed compared to long-term un-
grazed communities for either the mid- or late-seral
species.

Our experimental data indicate that mid- and late-
seral species retain substantial numbers of dormant and
viable buds that exceed parental tiller longevity by at
least 12 months to comprise a meristematic source with
greater longevity than the seed bank of numerous pe-
rennial grasses (Thompson and Grime 1979; Pyke 1990;
Kinucan and Smeins 1992). However, the vast majority
(= 90%) of buds in the bud bank did not initiate
growth in the 2-year period following reproductive til-
ler development regardless of the grazing history of the
community from which they were collected. A limited
contribution of axillary bud banks to maintenance of
tiller populations in both the mid- and late-seral species
underscores the ecological importance of annual tiller
recruitment from recently developed axillary buds. Two
scenarios could explain how tiller populations are
maintained in grasslands and savannas characterized
by frequent and/or intense drought and/or grazing
which can potentially disrupt annual tiller replacement.
First, bud differentiation and maturation may be re-
markably tolerant of adverse environmental conditions
(e.g., Briske and Wilson 1980; Barlow et al. 1980; Van
Loo 1992) and second, tiller recruitment may resume
from axillary buds that mature following the cessation
of severe drought and/or grazing, rather than from
mature buds that survive these disturbances. These
scenarios warrant additional research emphasis given
the critical importance of this demographic process to
tiller replacement in species populations and the
maintenance of relative species abundance in grasslands
and savannas.
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