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tilization, thinning, and neighbor plant removal
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Abstract

The growth and annual replacement of crested wheatgrass
(Agropyron desertorum (Fisch. ex Link) Schult.) tillers are
affected by resource availability. Fertilization and grazing affect
the resources available to crested wheatgrass plants directly, by
increasing nutrient supply or by reducing photosynthetic area and
root elongation, and indirectly, by changing the competitive status
of neighboring plants. To determine the time and manner of
crested wheatgrass response to alterations in resource availability,
we assessed the growth, flowering, and replacement of tillers on
plants treated as follows: tiller thinning, neighbor plant removal,
combined thinning and neighbor plant removasl, and nitrogen fer-
tilization. These treatments were repeated on different sets of
plants in early spring 1984 and 1985. Plant response was inferred
from tiller heights, number of flowering culms, and new spring
tiller production within the season of manipulation, and the
number and heights of replacement tillers the following spring.
Neighbor removal, and in 1 year fertilization, increased the size of
tillers and stimulated the emergence of new spring tillers. Fertiliza-
tion effects did not persist into the following year whereas neighbor
removal increased annual tiller replacement at least two-fold on
target plants. Tiller-tiller competition was not important in plants
of crested wheatgrass because tiller growth and replacement on
thinned plants did not differ from that of intact plants. This result
occurred when thinned and intact plants were compared when
both were growing with or without neighbors. Thinned plants
replaced only the remaining tillers by the following spring. They
did not regain their pretreatment status, presumably because of the
encroachment of neighbors. These results indicate that thinned
plants probably would lose their position in a plant community
unless their neighbors are affected similarly.
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The productivity of grasslands fluctuates in time and space as
water and nutrient availability varies. Populations of long-lived
clonal grasses in these grasslands may respond to fluctuations in
water and nutrient availability by altering the number of plants, the
number of tillers per plant, or the size of individual tillers. In many
undisturbed grasslands, increases in plant numbers by seedling
recruitment or reductions by the mortality of established bunch-
grasses are uncommon (West et al. 1979, Gurevitch 1986, Salihi
and Norton 1987). When plant population dynamics are unimpor-
tant in grasslands, the response to water and nutrient availability
occurs in the plasticity of tiller numbers per plant, and tiller size.

Harper (1977) cites several studies in which tiller (or shoot) and
plant population processes maintain a dynamic equilibrium with
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resource availability, but most of these studies were conducted
with rhizomatous grasses in glasshouses or growth chambers. Sev-
eral field studies have shown that the removal of neighboring
bunchgrasses increases tiller number, tiller size, or basal area of the
remaining grasses (Mueggler 1972, Robberecht et al. 1983, Fowler
1986, Gurevitch 1986, Nobel and Franco 1986). Competition
among grasses is usually used to explain these responses. Within
grasses, tiller-tiller interactions may also be competitive (Kirby and
Faris 1972, Colvill and Marshall 1984) or mutually beneficial
(Gifford and Marshall 1973, Welker et al. 1985). A positive
response of grasses to neighbor removal could be explained by a
relaxation of tiller-tiller competition. Competition among tillers
has seldom been determined with grasses in the field.

In grasslands, resource variability may result from localized
disturbances or areas of defecation by large herbivores, or changes
in the competitive status of grasses following grazing. Because of
the hierarchical organization of bunchgrasses, grass response to
resource variability will first be expressed in population processes
of tillers.

For this study, we used the tussock-forming Nordan crested
wheatgrass (Agropyron desertorum Fisch. ex Link) Schult.).
Crested wheatgrass has been established on more than 5 million
hectares in western North America because it tolerates drought
and herbivory better than most of the native grasses (Rogler and
Lorenz 1983). Tiller growth, flowering, and replacement were
assessed in the field following: (i) fertilizing small areas, (ii) thin-
ning individual plants, and (iii) removing neighbor plants. These
treatments simulated areas of resource enhancement, a reduction
in the competitive status of plants, and a reduction in plant densi-
ties, respectively.

Plant response to such treatments may be expressed immedi-
ately or in following years. Therefore, growth, tillering, and flower-
ing within the spring growing season and tiller replacement by the
following spring growing season were monitored. Although the
focus of this study was on tiller population processes, plant
response can be inferred directly, and population and community
dynamics indirectly, from such observations.

Materials and Methods

The study area, Tintic Valley in west-central Utah (39° 5I'N,
112° 08'W, 1,750 meters above sea level), typifies Great Basin
foothill rangelands. Soils are Typic Haploxerolls; textures range
from coarse to fine sandy loams. Utah juniper (Juniperus osteo-
sperma (Torr) Little) and basin big sagebrush (Artemisia triden-
tata ssp. tridentata Nutt.) were mechanically removed at the site in
1951. That autumn, crested wheatgrass was seeded to increase
livestock forage and remains the dominant species. Long-term
(25-year) average annual precipitation 9 km from the site is 370
mm. During this study, weather information was obtained from an
automated station located 1 km from the site. Total annual precipi-
tation was slightly above the long-term average in 1984 (122%) and
1985 (108%).

Tillers of crested wheatgrass live a maximum of 14 months at our
site. Without perturbation, almost all tillers are produced in
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autumn, overwinter, resume growth in spring, flower in late June,
and senesce shortly thereafter. With the onset of autumn rains,
replacement tillers are produced from axillary buds on the senes-
cent tillers (Mueller and Richards 1986).

The study was repeated during 2 years on different sets of plants.
Treatments were imposed on 20-21 April 1984 and 23-24 April
1985, 2 to 3 weeks after snowmelt. The treatments were: plant
thinning, neighbor plant removal, combined plant thinning and
neighbor plant removal (1985-1986 cycle only), nitrogen fertiliza-
tion, and controls. Plants were thinned by selectively removing
50% of the tillers on a plant with a razor blade. Care was taken not
to damage adjacent tillers. Neighboring plants within a 1.5 m
radius in 1984, 1 m radius in 1985, of target individuals were
removed with a glyphosate herbicide. We used a nonpersistent
herbicide rather than mechanical removal to minimize soil distur-
bance. Nitrogen fertilizer was applied as ammonium nitrate in
solution at 56.1 kg ha™ of nitrogen. At the same time all other
treatments received an equivalent watering treatment.

We used a randomized complete block design with 3 replicates.
Within each block, a 5-m by 5-m plot was randomly assigned to
each of 4 treatments in 1984, and to 5 treatments in 1985. A 1-meter
buffer separated each plot. In each plot, 5 randomly selected plants
were monitored. In the thinning and neighbor removal treatments,
only monitored plants were treated whereas all plants within fertil-
ized plots received treatment. We analyzed the mean response of
the 5 monitored plants.

To determine plant response, 20 and 10 tillers per plant were
marked with wire rings on 9 May 1984 and 11 May 1985, respec-
tively. Half of the marked tillers were equally spaced on the perime-
ter and the remaining tillers were similarly spaced within the core
of the plant. Overall, each treatment consisted of 300 tillers in 1984,
1501in 1985, evenly distributed on 15 plants (5 plants per treatment
per block, 3 blocks).

In both years, tillers were measured immediately after all had
been marked and subsequent observations were at 7-day intervals
until summer senescence. Observations included tiller heights
(most extended leaf), emergence of new spring tillers, and the
phenological status of all marked and new spring tillers. All tillers
are produced intravaginally in this species; therefore, new spring
tillers and autumn tillers emerged within the wire rings of their
living and senescent progenitors, respectively. Most autumn tillers
survived winter. Those that survived were replacements for the
marked tillers that had been subjected to treatment a year earlier.
Annual tiller replacement was the average number of replacement
tillers per progenitor. Observations on the replacement tillers
included heights.

All data were analyzed as a randomized complete block analysis
of variance and means were separated with Tukey’s standardized
range test. Each year was analyzed separately. Control plants were
not included in the analysis of spring tiller production because they
did not produce new spring tillers. Within a treatment, analysis of
variance of new spring tiller heights included only plants which
produced at least 1 new tiller.

Results

In cold-desert regions such as the Great Basin, winter precipita-
tion (snow) is the main source of soil water for the spring-early
summer growing period. At our site, September through March
precipitation was 30% greater in 1984 (293 mm) than in 1985 (227
mm). In April, as the fall-produced tillers were resuming growth
and floral primordia were forming, precipitation was almost 60%
greater in 1984 (42.4 mm) than in 1985 (26.7 mm). In 1984, April
was relatively wet and May was dry whereas the converse occurred
in 1985 (Fig. 1).
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Fig. 1. Spring precipitation during 1984 and 1985 at the Tintic study area.

Tiller Growth, Flowering and Production

Fertilization increased the percentage of flowering culms (61%)
over all treatments (average 34%) in 1984 (Fig. 2a; P<0.05). In
contrast, there were no significant differences among the low per-
centage (average 10%) of tillers flowering in 1985. Tillers on fertil-
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Fig. 2. (a) Percentage of marked tillers of A. desertorum flowering during
each growing season. (b) Heights of marked tillers at cessation of growth.
Vertical bars represent standard error of the mean (n = 3).
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ized plants were 25 to 50% taller than all other tillers by late June in
1984 (Fig. 2b; P<0.05). In 1985, the tillers on plants without
neighbors were about 16% taller than those on plants with neigh-
bors, including the fertilized plants (P<0.01). Average tiller heights
in 1985 were lower than in 1984.

All treatments both years stimulated at least some spring tiller
production, whereas control plants only produced new tillers in the
autumn. There was no significant difference in spring tillering
between the fertilized and thinned-neighbor removal plants, and
the other treatments in 1985 because of high plant-to-plant varia-
bility for tillering (Fig. 3a). Within a treatment, tillering did not
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Fig.3. (a) Average spring tiller production per marked tiller of A. deserto-
rum. (b) Heights of spring-produced tillers at cessation of growth. Verti-
cal bars represent standard error of the mean (n = 3).

occur on all plants (range 4-10 of 15 plants in 1984, 1-12 of 15 in
1985). Unlike flowering, which was greater in 1984 than in 1985,
spring tillering was higher in 1985 than in 1984. New spring tillers
on fertilized plants were taller than those on thinned plants in 1984
(Fig. 3b; P<0.05); high variability among plants resulted in no
significant differences in 1985.

Tiller Replacement by the Following Spring

Although fertilization and neighbor removal increased tiller
growth, flowering, and tillering shortly after the treatments were
imposed, effects of fertilization were not evident the following
spring (Fig. 4a). However, tiller replacement in both years was
much higher on plants whose neighbors had been removed than on
those with neighbors, including the fertilized plants (Fig. 4a;
P<0.05). Similarly, replacement tiller height on plants without
neighbors was greater than on plants with neighbors both years
(Fig. 4b; P<0.01).

Discussion

Since establishment and mortality of crested wheatgrass plants
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Fig. 4. (a) Annual tiller replacement on plants of A. desertorum I year
Jfollowing treatments. (b) Mean height of replacement tillers. The first
year indicates the spring when treatments were applied; the second year
indicates when replacement was observed. Vertical bars represent stand-
ard error of the mean (n = 3).

were infrequent at the study site (Salihi and Norton 1987, M.K.
Owens unpublished data), plant response to resource variability
was expressed mainly in changes in tiller growth, flowering and
replacement. The effects of these processes differed between years
and treatments, presumably because each manipulation affected
the magnitude of resource availability and the biology of the plants
in a different manner.

Roots of crested wheatgrass grow rapidly in the moist upper
layers of the soil profile in April and May (Caldwell et al. 1981,
Eissenstat 1986). These fine roots effectively increase nitrogen and
phosphorus uptake (Caldwell et al. 1981, 1985, 1987), which may
enhance floral development and increase tiller growth. Following
the wet April of 1984, fertilization did increase flowering and tiller
heights (Fig. 2a, b); e.g., tillers on these plants were up to 809 taller
than those on control plants. Others have also found increased
tiller size with fertilization of wildland plants (McGraw 1985,
Shaver et al. 1986). In contrast, fertilization had no effect on tiller
size or flowering following the drier April of 1985, but did increase
the production of new spring tillers. Tillering often increases with
fertilization (Noble et al. 1979, Fetcher and Shaver 1983, McGraw
1985), usually with a concomitant increase in the mortality of
mature tillers. In this study, however, the increase in tillering with
fertilization did not increase tiller mortality (unpublished data).

The year to year differences in developmental response to fertili-
zation probably were not influenced by total annual precipitation
as both years were slightly above normal, but were affected by the
different amounts and timing of spring precipitation (Fig. 1). Small
differences in soil moisture during early tiller growth and floral
development affect crested wheatgrass response to fertilization
(McGinnies 1968). With ample soil moisture in April, increased
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tiller growth and flowering may have been the quickest way for
crested wheatgrass to respond to a pulse of nutrients. Such rapid
growth did not occur during the dry April of 1985, however.
Although nitrogen would have still been available in May, the
induction period for floral primordia had passed, thus the nitrogen
was apparently allocated to the production of new spring tillers.
Although fertilization increased flowering and tiller size in 1984
and the number of spring tillers in 1985, the effects of fertilization
were not evident in 1985 and 1986, respectively. The lack of any
carryover effects may reflect the rapid use of the nitrogen, the
relatively low rate of application the continued presence of neigh-

harnlante immahilizat h i1 on
bor plants, immobilization by soil microorganisms (Ingham et al.

1986), or other losses of nitrogen.

McGinnies (1968) found that annual applications of nitrogen
fertilizer to crested wheatgrass produced higher yields than bien-
nial applications indicating rapid use, or immobilization, in the
year of application. He also detected no carryover effect on yield
response to nitrogen applications of less than 67 kg ha™, which is
higher than the rate that was used in this study. Furthermore,
neighbor plants were also fertilized; thus they provided a constant
background of competitors for the same resources in time and
space.

If our added nitrogen had been immobilized by microorganisms,
we would have expected increased production 2 to 3 years after
fertilization when the nitrogen is mineralized as some have found
in the Great Plains (Mason and Miltimore 1972, White 1985).
Increased production was not evident in 1987, 2to 3 years after the
1984 and 1985 nitrogen applications, however.

Unlike fertilization, neighbor removal eliminated any competi-
tors around monitored plants. Because root systems of neighbor-
ing plants overlap substantially in cold desert regions, reduced
competition increases resource availability rapidly for the remain-
ing individuals (Caldwell et al. 1985, 1987). Similar rapid increases
in resource availability may occur anytime abiotic or biotic factors,
e.g., grazing (Olson and Richards 1988a), reduce plant size or cause
the selective mortality of mature plants on rangelands.

Despite increased resource availability with neighbor removal,
flowering and tiller heights increased relatively little following
removal (Fig. 2a, b). But neighbor removal, especially when com-
bined with thinning, increased the production of new spring tillers
(Fig. 3a). Because flower development and growth of existing
tillers were presumably determined soon after neighbors were
removed in late April, the production of new spring tillers was
probably the only remaining developmental response to enhanced
resource availability.

Unlike fertilization, neighbor removal significantly increased
tiller replacement by the following spring (Fig. 4a). Annual tiller
replacement on plants without neighbors was high enough that the
plots could approach pretreatment tiller densities within 2 years
(about 500 tillers m™®). For example, the neighbor removal treat-
ment in 1985 (radius = 1 m) created a 3.14-m? bare zone (above-
ground) around target individuals. If target individuals and plants
on the perimeter of these bare zones can colonize them equally,
then an average-sized plant (100 tillers per plant, unpublished data)
in the center could potentially colonize 0.78 m2 of the area. The
remaining area would be colonized by plants on the perimeter of
the bare zone. A central plant with 390 tillers (500 tillers m 2 < 0.78
m?) would represent full occupation of this area. The 2.6 annual
tiller replacement in 1985 would increase tiller numbers from 100
to 260 per plant only 1 year after the removal of neighbors. If this
increase in the number of replacement tillers is combined with the
60% increase in their size relative to controls (Fig. 4b), the forage
yield of plants in the center of the 1-m radius (1985) bare zones
would exceed that of equal areas nearby. Although the thinned-
neighbor removal plants had an even higher replacement than
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neighbor removal only plants, they began with 50% fewer tillers
thus it would take them longer to reach pretreatment tiller
densities.

Tiller processes may reflect either sharing of or competition for
resources among tillers within plants (Kirby and Faris 1972, Gif-
ford and Marshall 1973). Plant thinning, by reducing competition
or the demands for resource sharing among tillers, should have
stimulated growth rates or tillering of the remaining tillers if tiller-
tiller competition was important but it did not. Thinning only
reduced the competitive status of plants. Thinned plants main-

tained themselves with tiller replacement close to or slightly above
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plants to regain pretreatment tiller numbers. Reducing tiller
numbers by thinning probably had a concomitant effect on below-
ground function. Reducing tiller size of crested wheatgrass by
severe clipping has been shown to curtail root growth up to 50%
and phosphate acquisition by 60% within 2 weeks (Richards 1984,
Caldwell et al. 1987). In this study, intact neighbors may have
quickly occupied soil volume lost by the thinned plants; roots of
crested wheatgrass rapidly invade zones of enriched or disturbed
soil (Eissenstat 1986, Eissenstat and Caldwell 1988). Such rapid
encroachment or resource depletion by neighbors probably pre-
vented thinned plants from regaining their pretreatment status.

To further define the relative importance of tiller-tiller versus
plant-plant competition, thinned plants were compared with intact
plants in the absence of neighbors. Tiller heights and flowering
were similar between thinned and intact plants when both were
without neighbors. Thinned plants, however, had somewhat
higher spring tillering (Fig. 3a) and tiller replacement (Fig. 4a) than
intact plants. These differences likely reflect thinning-induced
microclimatic differences within plants that can influence tiller
production (Deregibus et al. 1985). Apparently, thinned plants
with neighbors could not regain their prethinning size because of
plant-plant competition, and not because of constraints on tillering
within plants.

The remarkably consistent replacement of tillers on control
plants indicated that each of these bunches was maintaining a
constant tiller density, and thus competitive position in the stand.
Changes in resource availability or competitive status alter this
equilibrium, but it can be quickly restored by the high tiller
replacement capabilities of crested wheatgrass. Tiller replacement
may be constrained, however, by neighboring plants, e.g., thinned
bunches with intact neighbors were unable to regain their pre-
treatment status and their position in the stand. The thinning of
bunchgrasses has been observed on many rangelands (Pechanec et
al. 1937, Sharp 1970, Olson and Richards 1988b). Our study indi-
cates that the recovery of thinned grasses will depend on the grazed
status of their neighbors along with climatic trends. In this cold-
desert region where plant population dynamics are relatively
unimportant, stands of crested wheatgrass apparently persist by
rapidly adjusting tiller population processes to changes in resour-
ces and neighbors.
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