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Summary

1 Intraclonal regulation of the C,4 caespitose perennial grass Schizachyrium scopar-
ium was evaluated in response to various levels of above-ground (radiation inten-
sity) and below-ground (soil volume) resource availability in the field for three
successive growing seasons. We reasoned that the relative plasticity of clonal
growth in response to various levels of resource availability may provide insight
into the mechanism of intraclonal regulation.

2 Six naturally occurring clones were randomly assigned to each of five treatments:
(1) unrestricted soil volume (control); (ii) large soil volume in which roots were con-
fined to a cylinder of soil with a radius four times that of the clone; (iii) small soil
volume, twice the clone radius; (iv) large soil volume with radiation intensity reduced
to 55% of ambient; and (v) small soil volume with reduced radiation intensity.

3 Ramet recruitment increased within the first season following root confinement
in large soil volumes, while ramet and leaf growth exhibited less plasticity. The
effects of a reduction in radiation intensity were smaller, and, in contrast, increased
ramet and leaf growth, but did not modify ramet recruitment.

4 The pattern and magnitude of ramet mortality in clones confined to the large
soil volume were similar to those of clones in unrestricted soil volume, indicating
that intraclonal regulation was sufficient to reduce ramet recruitment and thus den-
sity to within the carrying capacity established by resource availability.

5 Similar growth and ramet demography of clones in the unrestricted and small
soil volumes suggest that unrestricted clones normally access resources from a soil
volume similar to that of the small soil volumes.

6 Rapid clonal growth in response to root confinement to large soil volumes,
resource acquisition from a relatively small soil volume that contains the zone of
resource accumulation, and the capacity for rapid expression of ramet plasticity
provide circumstantial evidence that individual caespitose clones may respond to
resource accumulation in soils beneath them.

Key-words: caespitose growth form, clonal biology, plant-induced soil heterogene-
ity, ramet recruitment, self-thinning
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Introduction

Our limited knowledge concerning the regulation of
intraclonal growth constrains our ecological under-
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standing of clonal plants, including their patterns of
growth and demography, intensity and mode of
competition and distribution in response to spatial
and temporal resource availability. None of the
mechanisms proposed for intraclonal regulation has
been supported by other than minimal or inconsis-
tent evidence (Suzuki & Hutchings 1997; Briske &
Derner 1998; Derner & Briske 1998). The interpreta-
tion of several of these proposed mechanisms is



738
Intraclonal
regulation of
grass clones

© 1999 British
Ecological Society
Journal of Ecology,
87, 737-747

further influenced by the recognition that clonal
plants are often organized as assemblages of autono-
mous physiological individuals, rather than as an
effectively integrated assemblage of ramets. For
many grasses, the absence of complete vascular con-
tinuity within mature clones suggests that individual
ramets or limited numbers of connected ramet gen-
erations respond to resource availability via a form
of decentralized intraclonal regulation (Harper 1985;
Briske & Butler 1989; de Kroon & Kwant 1991; but
see Laterra et al. 1997; Briske & Hendrickson 1998).

Resource availability, either directly or indirectly
as mediated by competition, exerts a substantial
influence on intraclonal growth and ramet demogra-
phy. Grasses respond to intraspecific and interspeci-
fic competition by a
recruitment, rather than by increased ramet mortal-
ity (Briske & Butler 1989; Cheplick 1997). This
response suggests that axillary bud outgrowth is
very responsive to resource availability (Briske &
Butler 1989; Hendrickson & Briske 1997) and that
some form of intraclonal regulation exists to sup-
press bud growth before ramet density exceeds the
carrying capacity of the environment, thus minimiz-
ing ramet self-thinning (Hutchings 1979). However,
neither the nature of the regulatory mechanism nor
the associated environmental resources or signals
associated with resource availability have been
determined.

Evidence that perennial caespitose grasses accu-
mulate soil organic carbon and nitrogen in the soils
directly beneath individual clones re-emphasizes the
potential involvement of below-ground resource
availability on intraclonal regulation (Hook et al.
1991; Vinton & Burke 1995; Derner et al. 1997).
Even though such nutrient accumulation in soils
beneath caespitose grasses has not been shown to
benefit plant growth and fitness (Aguilera &
Lauenroth 1995), correlation between nutrient accu-
mulation beneath clones and ramet number per
clone suggests a causal effect on clonal growth and
structure (Derner etal. 1997). However, an increase
in ramet recruitment or density in response to
increased resource availability does not demonstrate
a regulatory influence on clonal growth unless there
is a disproportionate growth response relative to
growth of the entire clone (Phillips 1975).

The compact spatial arrangement of ramets
within caespitose clones contributes to, when rapid
growth is possible, leaf area indices that are suffi-
cient to induce intense intra- and interclonal compe-
tition for light (Caldwell etal. 1983; Ryel et al.
1994). Therefore, competition for light may be more
critical than competition for below-ground resources
in mesic grasslands that produce dense canopies,
while the opposite may be true in semi-arid grass-
lands where water limits canopy development
(Burke eral. 1998). However, competitive removal

suppression of ramet

experiments have demonstrated increased growth,
ramet recruitment and basal area expansion of cae-
spitose grasses in mesic (Briske & Butler 1989;
Tilman 1989; Hartnett 1993) but not in semi-arid
environments (Olson & Richards 1989; Fowler 1995;
McPherson 1997). Therefore, this disparity in results
clearly indicates that the contribution of above- and
below-ground resource availability to intraclonal
growth and regulation requires further investigation.

We evaluated the effects of modified available soil
volumes and light intensities on the plasticity of cae-
spitose clones of the C4 grass
Schizachyrium scoparium. Available soil volume was
used as a proxy for soil resource availability and
was modified by driving two sizes of plastic pipe

perennial

into the soil around individual clones, to produce a
fourfold variation in soil volume. We assumed that
the large tube size would eliminate competing root
systems and increase soil resource availability to the
confined clones, while small tubes would reduce the
soil volume explored by the clone’s root system and
decrease soil resource availability. Shadecloth filters
were used to reduce radiation intensity above
selected clones within each soil volume by approxi-
mately 50%. Variables at the leaf, ramet and canopy
levels were monitored to assess the rate and magni-
tude of clonal growth at the various hierarchical
levels in response to modified resource availability.

Specific hypotheses tested were that (i) ramet
recruitment and density would be more plastic than
either canopy or leaf variables in response to modi-
fied resource availability; (ii) intraclonal regulation
would suppress the increase in ramet recruitment
and density per clone and prevent ramet self-thin-
ning in clones confined in the large soil volumes; (iii)
intraclonal regulation would suppress ramet recruit-
ment and density per clone, but substantial ramet
mortality would occur in clones confined in the
small soil volumes; and (iv) clonal growth would be
sufficiently plastic to adjust to modified resource
volumes within the first growing season following
modification of resource availability. We reasoned
that the expression of clonal plasticity in response to
modified below-ground resource availability would
provide (i) an indication of the potential contribu-
tion of resource accumulation in soils beneath indi-
vidual clones to growth of this caespitose grass, and
(ii) additional insight into the mechanism of intra-
clonal growth regulation.

Field sites and methods
STUDY SITE

The experiment was conducted on the Texas A & M
Native Plant and Animal Conservancy in east-cen-
tral Texas near College Station (30°35" N; 96°21°
W), which is characterized as part of the Post Oak
Savanna vegetation zone (Gould 1975). Soils on the
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site were a Lufkin fine sandy loam (fine, montmoril-
lonitic, thermic Veric Albaaqualf), an upland series
formed from alluvium deposited over coastal plains
sediments, commonly < 20cm deep to a dense clay
layer (Hallmark eral. 1986). Mean monthly tem-
perature ranges from a low of 11°C in January to a
high of 29°C in July. The frost-free period averages
270days and extends from March through
November. Long-term (46-year) precipitation is
1008 + 244 (mean + 1SD) mm annually and has a
bimodal distribution, with maxima in the spring and
autumn. Mean long-term precipitation for the pri-
mary growth period of C4 grasses, from May until
July, is 273mm; in 1995, 1996 and 1997 it was
132%, 45% and 96% of the 46-year average, respec-
tively.

METHODS

Schizachyrium scoparium var. frequens (C. E. Hubb.)
Gould is a C4 perennial caespitose grass that is
widely distributed throughout the eastern two-thirds
of the United States (Gould 1975). It is most abun-
dant in the True Prairie Association of the eastern
Great Plains. In central Texas, juvenile ramets are
recruited in the spring and autumn in undisturbed
populations. Ramets initiated in the spring cohort
frequently complete their life during that growing
season, while ramets initiated in the autumn cohort
overwinter and complete their life during the subse-
quent growing season (Briske & Butler 1989).

Thirty S. scoparium clones with comparable basal
areas (mean + 1SE, 76.2 + 4.1 cmz), ramet numbers
(50.1 £ 3.5) and conspecific neighbour proximity
were selected in November 1994. Six replicate clones
were randomly assigned to each of five treatments:
(1) unrestricted soil volume (U, control); (ii) large
soil volume (L); (iii) small soil volume (S); (iv) large
soil volume with reduced photosynthetic photon
flux density (PPFD; shading; L-SH); and (v) small
soil volume with reduced PPFD (S-SH). Large soil
volumes were imposed with a 0.4-m diameter (a
radius four times that of clones) x 0.5-m long PVC
tube, while small soil volumes were imposed with a
0.2-m diameter (a radius twice that of clones) x 0.5-
m long PVC tube, centred around individual clones
and driven into the soil in January 1995. The PVC
tubes were assumed to confine the majority of the
clone’s root system because a dense claypan exists at
0.2m soil depth (Hallmark ezal. 1986). Shade treat-
ments were imposed by erecting 1 x 1 m shadecloth
filters 0.6m above the soil surface, and were
initiated on 2 May and ended on 15 July in all 3
years. Filters were raised to 0.9 m above the soil sur-
face on 1 July in each year to accommodate culm
elongation of reproductive ramets. Shade treatments
reduced PPFD in the vicinity of clones by approxi-
mately 50% when solar angles were relatively high.

PPFD and red:far-red (R:FR), calculated as the
ratio of spectral photon fluxes at 660 + 5nm and
730 + 5nm (Smith 1982), were measured near the
centre of clones at the soil surface, immediately
above the clone canopy, directly beneath the shade-
cloth, and above the shadecloth (i.e. ambient) on
one-half of the clones (n = 3) assigned to each of
the shade treatments. Reported PPFD and R:FR
values obtained from each clone are means of two
scans made between 12:00 and 13:00h at 2-week
intervals with an LI-1800 portable spectroradi-
ometer (calibrated at LI-COR Inc., Lincoln, NE)
equipped with a remote cosine-corrected probe. The
probe was orientated parallel to the soil surface dur-
ing radiation measurements. Mid-day (15:00—
16:00h) leaf xylem pressure potentials were taken
bi-weekly on two leaves from each of three ran-
domly chosen unshaded clones in the unrestricted,
large and small soil volume treatments, with a pres-
sure bomb, in 1995 and 1996 (PMS Instrument
Company, Corvallis, OR). Mid-day values were
recorded to reflect maximum development of water
stress in a diurnal period.

Five uniformly sized ramets per clone were chosen
and marked with colour-coded wire loops on 2 May
in all three years. Non-destructive measurements of
ramet height, number of leaf blades and total blade
length per ramet were taken bi-weekly. Ten addi-
tional ramets, with variable heights, from nearby
clones were harvested destructively on each sam-
pling date to develop linear regression equations
between leaf blade area and leaf blade length and
ramet mass and between total leaf blade length and
ramet height (Appendix 1, in the Journal of Ecology
archive on WWW; see the cover of a current issue
for the address). Leaf blade areas were obtained
with a leaf area meter (model CI-202; CID Inc.,
Vancouver, WA). Peak above-ground biomass was
estimated for each clone by multiplying the number
of ramets per clone on 15 July of each year by the
predicted mean ramet mass at that date. Ramet
recruitment was assessed bi-weekly by counting
juvenile ramets recruited from each marked parental
ramet. Cumulative recruitment is the summation of
bi-weekly recruitment from each initially marked
parent. Basal area and ramet number were deter-
mined for all clones on 2 May and 15 July in all
three years. Although mean basal area and ramet
number did not differ significantly between treat-
ments on the initial sampling date, considerable var-
iation occurred between clones in three soil volume
treatments (mean basal area: 81, 76 and 87 cm?;
mean ramet number per clone: 60, 44 and 51; for
unrestricted, large and small soil volume treatments,
respectively). Mean values for these clonal variables
were expressed as percentage relative change from
the initial value measured within each treatment to
account for this variation between treatments.



740
Intraclonal
regulation of
grass clones

© 1999 British
Ecological Society
Journal of Ecology,
87, 737-747

The circumference of the clone canopy increased
from the base to the top (inverted frustum of a
cone), and canopy volume per clone, which was esti-
mated bi-weekly, was calculated using the equation:

V = 1/31ITh(* + rR + R?)

where V' = volume; &7 = distance from soil surface
to top of clone canopy (canopy height); r = radius
of basal area occupied by clone; and R = radius of
area at top of clone canopy (canopy radius)

Three additional clones were selected and allo-
cated to each of the unrestricted, large and small
soil volume treatments. Soil cores (0.02 x 0.6m)
were taken directly beneath each of these clones and
at the mid-point location between the clone periph-
ery and the PVC tube edge for those clones in the
large and small volume treatments, on 27 July 1996.
Ten additional cores were taken from interstitial
areas for determination of soil bulk density using
the core method (Van Remortel & Shields 1993).
Soil from each core was divided into four depths: 0—
5, 5-15, 15-30 and 30-50cm, sieved to separate
plant material and fragments greater than 2mm in
diameter, and placed in a refrigerator. Available
nitrate and ammonium was determined by weighing
out 7-g subsamples of soil, extraction with 50 ml of
2 N KClI for 30min on an orbital shaker, and filtra-
tion through Whatman number 40 paper. The
extracts were refrigerated until analysed on a
Technicon AutoAnalyser II (Technicon Industrial
Systems, Tarrytown, NY). The remainder of each
soil sample was dried at 50°C for 3 days, ground
with a ring pulverizer (model TE250; Angstrom
Inc., Belleville, MI) and analysed for carbon and
nitrogen using a Carlo-Erba NA-1500 (Fisons
Instruments, Danvers, MA) eclemental analyser.
Pool sizes of carbon, nitrogen and available nitrogen
were calculated (i) directly beneath the basal area of
clones and (ii) for the remainder of the soil volume
within the PVC tube.

STATISTICAL ANALYSES

The effect of modified soil volumes on S. scoparium
leaf, ramet and clone variables was analysed as a
completely randomized design using soil volumes
and sampling date as factors. The effect of shading
on clones was analysed as a split-plot design with
soil volumes and radiation treatment with reduction
or control levels for each variable comprising the
main factors, and date designated as the split factor.
The error term used to test main factors was the
interaction of the main factors, while the split factor
and interactions were tested with the residual error
(Steel & Torrie 1980; p. 377). Data were analysed
using GLM procedures (SAS Institute Inc. 1988)
and means were separated with Bonferroni #-tests
when a factor was significant (P < 0.05). Mean
values from the five marked ramets were used in
analyses. Preliminary analyses indicated multiple
year interactions, so subsequent analyses were run
separately by year. Comparisons between clones in
the large and small soil volume treatments for total
soil nitrogen, organic carbon and available nitrogen
concentrations and pools were conducted with ¢-
tests. Leaf water potential data within each year
were analysed as a two-way ANOVA with sample
date and soil volume as factors.

Results

RADIATION ENVIRONMENT AND SOIL
RESOURCES

Shade treatments reduced mid-day PPFD by 55%
and R:FR by 9% in both soil volume treatments
compared with ambient values (Table 1). Ambient
PPFD and R:FR were 2146 ymol m2 s and 1.1,
respectively. Mean PPFD and R:FR for shaded
clones were not significantly different between large
and small soil volume treatments at any position
measured.

Table1 Mean (+ SE, n = 3) photosynthetic photon flux density (PPFD) and red:far-red (R:FR) ratio measured near the
centre of clones at the soil surface (base), immediately above the clone canopy (top), directly beneath the shadecloth
(beneath) and above the shadecloth (ambient) for Schizachyrium scoparium clones confined to large and small soil volumes
in the field. PPFD and R:FR measurements were made between 12:00 and 13:00h on 1 May 1995 with a LI-1800 portable
spectroradiometer equipped with a remote cosine-corrected probe held parallel to the soil surface. Mean values measured at
the same position were not significantly different (P > 0.05) between the two soil volumes

PPFD (umol m™2s™)

R:FR

Position Large soil volume Small soil volume Large soil volume Small soil volume
Base 121.8 (23.7) 178.4 (42.9) 0.55 (0.053) 0.58 (0.070)
Top 754.5 (42.9) 785.5(11.9) 0.95 (0.007) 0.96 (0.017)
Beneath 976.1 (65.5) 1020.9 (101.1) 1.00 (0.015) 0.99 (0.010)
Ambient 2132.3 (26.9) 2160.3 (17.4) 1.09 (0.004) 1.09 (0.001)
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Concentrations of available NO;~ for all soil sam-
ples were less than 1p.p.m. Therefore, only NH,™
concentrations were used to calculate available
nitrogen pools within the large and small soil
volumes. Pools of total nitrogen, soil organic carbon
and NH," were significantly greater for the large
soil volumes (28.46, 367.48 and 0.49 kg, respectively)
than for the small soil volumes (7.59, 116.08 and
0.16 kg, respectively). Calculated total nitrogen, soil
organic carbon and NH, " pools were 3.8, 3.7 and
3.7 times greater, respectively, in the large compared
with the small soil volume treatments given the four-
fold difference in soil volume between treatments.

CLONAL GROWTH AND BIOMASS
PARTITIONING

Growth variables for all three soil volume treat-
ments showed a similar general pattern, with
approximately equal values in the unrestricted and
large treatments and lower values in the small treat-
ment (Table2). Year by year variation differed,
however. Canopy volume showed a soil volume
x year interaction with significant interactions for
all 3 years in the unrestricted soil volumes, and a
significant interaction associated with reduced
canopy volume in the driest of the 3 years (1996) in

Table2 Mean (+ SE, n = 6) values for leaf, ramet and clone level variables of Schizachyrium scoparium clones grown in the
field with modified resource availabilities. Resource availability treatments were unrestricted (U), large (L), large and shade
(L-SH), small (S) and small and shade (S-SH) soil volumes. All tabulated values were collected on the last sampling date
(15 July) in each year. Values within each year for soil volume treatments (U, L and S) followed by the same uppercase let-
ter, and values within each year for comparisons involving radiation intensity (L vs. L-SH and S vs. S-SH) followed by the

same lowercase letter are not significantly different (P > 0.05)

Resource availability treatments

Variable Year U L L-SH S S-SH
Clone level 1995

Biomass (g) 55.7 (7.9 542 (117" 81.5 (13.4)° 17.2 (3.9)B* 25.3 (4.3)
Canopy volume (x10* cm?) 371 (035" 4.94(0.39)B8 5.65 (0.37) 1.55 (0.17)%* 232 (0.38)*
Ramet level

Cumulative recruitment 0.69 (0.14)*  1.50 (0.31)" 1.52 (0.30)° 0.53 (0.23)%  0.65 (0.15)*
(juveniles/parent)

Height (cm) 39.5 2.0)" 39.6 (3.1 54.1 (5.1)° 27.5 (2.8)B 36.5 (3.2)°
Mass (g) 0.80 (0.06)*  0.80 (0.09)**  1.25(0.16)° 0.43 (0.09)%*  0.71 (0.10)
Leaf level

Number of blades 6.0 (0.5)* 7.3 (0.6)** 9.9 (1.4) 4.4 (0.4)5 5.3 (0.5
Total blade length (cm) 104.4 (8.9)* 111.7 (7.6)** 1442 (11.7)*  79.6 (11.1)% 114.0 (13.7)"
Total blade area (cm?) 45.7 (4.00* 49.0 (3.4)" 63.6 (5.3)° 34.5 (5.0)5~ 50.0 (6.2)"
Clone level 1996

Biomass (g) 245 (2.4~ 25.2 (3.2 23.7 (2.7) 10.1 (1.5)B* 10.1 (0.8)*
Canopy volume (x 10* cm?) 1.75 (0.13)» 1.94 (0.21)A® 1.93 (0.17)° 0.84 (0.10)®  0.93 (0.13)*
Ramet level

Cumulative recruitment 0.46 (0.15)  0.43 (0.28)**  0.20 (0.10)° 0.30 (0.17)*  0.23 (0.15)*
(juveniles/parent)

Height (cm) 40.4 (1.0* 41.7 (2.6)A* 40.1 (1.3) 31.8 (2.3)B* 34.6 (1.8)"
Mass (g) 0.42 (0.02)*  0.44 (0.04*  0.42 (0.02) 0.29 (0.03)%  0.33 (0.03)"
Leaf level

Number of blades 3.1 (024 2.5(0.2)B 3.1 (0.2 2.1 (0.3)5* 2.3 (0.3)
Total blade length (cm) 58.3 (4.4)" 45.3 (4.1)B2 55.7 (6.8)* 27.7 (5.7)* 33.9 (7.7)"
Total blade area (cm?) 27.0 2.2 20.6 (2.0)B¢ 25.7 (3.3)" 12.0 (2.8)* 15.0 (3.8)°
Clone level 1997

Biomass (g) 64.0 (122  83.0 (2.7  54.6 (8.1 24.9 (7.7)% 30.5 (2.2)
Canopy volume (x10* cm?) 520 (0.58)* 599 (0.89)**  5.76 (0.42) 1.74 (0.24)5  2.45(0.24)
Ramet level

Cumulative recruitment 0.26 (0.09)*  0.40 (0.15)**  0.40 (0.14) 0.30 (0.19)*  0.35 (0.14)
(juveniles/parent)

Height (cm) 46.8 (3.00* 51.2 (3.9 54.4 (4.9)° 35.8 (3.8)B* 49.0 (2.6)
Mass (g) 0.97 (0.13)*  1.16 (0.17)** 130 (0.21)* 0.50 (0.16)%* 1.07 (0.11)
Leaf level

Number of blades 6.1 (0.5)* 5.7 (0.6)A% 6.8 (0.7) 3.6 (0.3)5* 5.8 (0.3)Y
Total blade length (cm) 101.5 (8.0)*  90.3 (5.2)* 115.3 (8.2)° 70.4 (10.0)%  96.6 (6.7)°
Total blade area (cm?) 48.1 (3.9 42.6 (2.5 54.9 (4.0)° 32.9 (4.9) 45.8 (3.3)
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both the large and small soil volumes. Shade treat-
ments did not significantly affect canopy biomass or
volume in any soil volume treatment.

Similarly, ramet height and mass did not differ
between clones in large and unrestricted soil
volumes, but both were reduced in clones in the
small soil volumes (Table2). For all treatments, the
ramet level variables of height and mass were signifi-
cantly greater in the final year of the investigation
than in the previous 2 years. Ramet height and mass
were significantly greater in the shade than non-
shade treatments for clones in small soil volumes in
the two wettest years, but not the drought year.

Blade length, area and number were again similar
between clones in large and unrestricted soil
volumes in the two wetter years, with clones in these
two treatments having larger leaf variables than
clones in small soil volumes (Table 2). Leaf variables
were 50-70% lower in the drought year for all treat-
ments. Blade length and area were approximately
30% greater in shaded compared with unshaded
clones within a soil volume treatment; however,
shade did not significantly affect leaf number in any
soil volume treatment, with the exception of clones
in the small soil volumes in 1997.

Growth responses at different hierarchical levels
within clones were compared by calculating the
ratios for leaf, ramet and clone variables in large
compared with small soil volumes (Table 3). Clone
canopies, representing a product of ramet- and leaf-
level responses, showed the greatest
response. Ratios for canopy biomass and volume in

growth

the large and small soil volume treatments ranged
between 3.15 and 3.44 in the two wetter years. These
values approached the ratios of soil volume and soil
organic carbon and nitrogen pools between the two
soil volume treatments. Ratios for ramet variables
in the large and small soil volume treatments ranged
between 1.31 and 1.86, with the exception of ramet

mass in 1997 (ratio = 2.32). Ratios for large:small
soil volume treatments were relatively constant
among leaf variables, at approximately 1.5.

RAMET DEMOGRAPHY

Relative ramet number per clone in the large soil
volumes increased in the year following imposition
of the soil volume treatments, while ramet number
per clone in both the unrestricted and small soil
volumes remained relatively constant until the final
year of the investigation, when they both showed a
25% increase in May (Fig. 1a). Ramet number per
clone showed seasonal fluctuation that was greatest
(50%) in the large soil volumes; highest ramet num-
bers occurred in the spring, followed by a rapid
decline in the summer. Ramet number per clone was
similar in the unrestricted and small soil volumes,
with both values approximately 60% lower than in
the large soil volumes at the end of the investigation.
Ramet mortality, as evidenced by the decrease in
ramet number per clone, only occurred in clones in
the small soil volume in the first year, in clones of
both the large and small soil volumes in the second
year, and in clones of all three treatments in the
third year.

Relative basal area per clone increased in both
the first and third years of the investigation for all
soil volume treatments (Fig. 1b). Clones maintained
constant basal areas in the second year, which coin-
cided with a severe regional drought. Clones in the
unrestricted and small soil volumes maintained simi-
lar basal areas per clone, which were approximately
50% less than the basal areas of clones in the large
soil volume treatments at the end of the investiga-
tion.

Relative ramet density was significantly greater
for clones in the large compared with the small soil
volumes for all sample dates except May 1997

Table3 Ratios of leaf, ramet and clone level variables in the large vs. small soil volumes (n = 6 each) on 15 July 1995, 1996
and 1997 for Schizachyrium scoparium clones grown in the field. Mean values for all variables are presented in Table 2

Large : small soil volume ratios

Variable 1995 1996 1997
Clone level

Biomass 3.15 2.50 3.33
Canopy volume 3.19 2.31 3.44
Ramet level

Cumulative recruitment 2.83 1.43 1.33
Height 1.44 1.31 1.43
Mass 1.86 1.52 2.32
Leaf level

Number of blades 1.66 1.19 1.58
Total blade length 1.40 1.64 1.28
Total blade area 1.42 1.72 1.29
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Ramet number per clone (%)

Clone basal area (%)

Ramet density (%)
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Fig.1 Mean (% SE, n = 6) relative change in (a) ramet
numbers per clone, (b) basal area per clone and (c) ramet
density per clone for the perennial caespitose grass
Schizachyrium scoparium, grown in three soil volumes for
three successive growing seasons. Values represent the per-
centage change from May 1995 mean measurements, which
were (a) ramet number per clone, 60, 44 and 51; (b) basal
area, 81, 76 and 87cm?; and (c) ramet density, 0.78, 0.63
and 0.60 per cm? for unrestricted, large and small soil
volumes, respectively.

(Fig. Ic). Ramet densities for clones in the unrest-
ricted and small soil volumes did not differ signifi-
cantly at any sampling date. Ramet density showed
a significant increase of approximately 30% for
clones in large soil volumes during the first year, but
then decreased during the following 2 years. Clones
in the unrestricted and small soil volumes showed a
gradual decrease in ramet densities of 28% and
38%, respectively, over the duration of the investi-
gation.

Cumulative ramet recruitment was significantly
greater in clones grown in the large compared with
the small soil volumes for the last three sampling
dates of the first year following confinement of soil
volumes (Fig.2). Recruitment data are only shown
for the first growing season (1995) because treat-

ment means did not differ significantly in subsequent
years (Table2). Ramet recruitment for clones in the
unrestricted soil volumes was significantly lower
than that in the large soil volumes on only the last
sampling date shown. The more rapid rate of ramet
recruitment displayed by clones grown in the large
soil volumes was maintained throughout the initial
growing season compared with clones in the other
two treatments. Shade did not significantly affect
cumulative ramet recruitment in any soil volume
treatment.

LEAF XYLEM PRESSURE POTENTIALS

Leaf xylem pressure potentials in the first growing
season did not differ significantly between clones in
the various soil volume treatments, with the excep-
tion of 9 June when clones in the unrestricted and
small soil volumes had a more negative potential
than clones in the large volumes (Fig. 3). Leaf pres-
sure potentials were substantially more negative in
the second year of the investigation, reflecting the
below average precipitation during this period.
During this growing season, clones in the unrest-
ricted soil volumes had significantly higher poten-
tials from 9 June onwards than clones in either large
or small soil volumes, which did not differ signifi-
cantly.

Discussion

Clones of the caespitose grass S. scoparium
responded rapidly to root confinement in large soil
volumes compared with unrestricted clones. Clone
responses to root confinement in small soil volumes
and reductions in light intensity were smaller com-

pared with unrestricted and unshaded clones, respec-

2.00

1.75 | —e— Unrestricted

—= - Large soil volume

150 1 ..+ Small soil volume

1.25
1.00 -
0.75
0.50 1

Cumulative ramet recruitment

0.25 4

0.00 T T . T

May 15 June1 June15 July1 July 15

Date

Fig.2 Mean (4 SE, n = 6) cumulative ramet recruitment
(juveniles per marked parental ramet) during 1995 for the
perennial caespitose grass Schizachyrium scoparium, grown
in three soil volumes.
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Fig.3 Mean (+ SE, n=6) mid-day (13:00-14:00) leaf
water potentials for clones of the perennial caespitose grass
Schizachyrium scoparium, grown in three soil volumes in
the field. Values were collected for the first two seasons of
an investigation spanning three growing seasons.

tively. In the case of large soil volumes, ramet
recruitment increased after root confinement and led
to an increase in clonal growth, while ramet and leaf
growth exhibited less plasticity in response to below-
ground resource availability, thus supporting
hypothesis (i). In contrast, a reduction in radiation
intensity increased leaf and ramet growth, but it did
not modify ramet recruitment or canopy variables.
The pattern and magnitude of ramet mortality in
clones in the large soil volume were similar to that
of the unrestricted clones in the final 2 years of this
investigation, indicating that intraclonal regulation
was sufficient to maintain ramet densities within the
carrying capacity of the given environment, as pre-
dicted by hypothesis (ii)). The similarity in ramet
recruitment, number and mortality in the small soil
volumes and in unrestricted clones suggests that
clones normally access soil resources from a cylinder
of soil with a radius approximately twice that of
individual clones. This suggests that soil volume was
not restricted sufficiently to provide a valid test of
hypothesis (iii). Clonal growth did indeed adjust to
soil volume and shade treatments within the first
growing season following root confinement, indicat-

ing that caespitose clones possess sufficient plasticity
to respond rapidly to modified levels of resource
availability, as suggested by hypothesis (iv).

Clones possessed sufficient plasticity to incorpo-
rate additional resources rapidly into a greater num-
ber of ramets during the first growing season
without an increase in ramet height or mass. Ramet
recruitment and number per clone, even in clones in
the large soil volume, did not increase in the second
or third growing season, indicating that clones had
fully adjusted to resources within the large soil
volume during the first growing season following
root confinement. This response is consistent with
previous
responses of grasses and graminoids to reduced
competition and increased resource availability
(Lapham & Drennan 1987; Briske & Butler 1989;
Cheplick 1997; but see Hartnett 1993). An increase
in ramet recruitment in response to increased

investigations showing greater growth

resource availability conforms to the reserve meris-
tem hypothesis presented by Aarssen (1995) as an
ecological explanation for the role of apical domi-
nance in plants. Enough axillary buds were presum-
ably available to rapid growth and
establishment of new ramets when clones were con-

enable

fined in large soil volumes (Hendrickson & Briske
1997). Ramet recruitment was greatly reduced in
these clones after the first year, suggesting that the
need for self-thinning was minimized because bud
activation was suppressed in the subsequent seasons.
Unfortunately, the specific resources and physiologi-
cal mechanism(s) contributing to bud activation
remain unknown (Cline 1991; Murphy & Briske
1992; Coenen & Lomax 1997).

Clones within the large soil volumes showed sig-
nificant increases in ramet recruitment, ramet num-
ber, clone basal area and clone volume relative to
unrestricted clones, while other variables, including
ramet height and mass and leaf variables, were simi-
lar between clones in these two treatments. These
differences in variable responses can probably be
explained by the fact that variables that increased
significantly following root confinement in the large
soil volumes were directly influenced by ramet
recruitment (e.g. canopy
volume), while variables that were not significantly
affected were associated with growth of ramets (e.g.
ramet mass and leaf blade area). Canopy biomass
was an exception because, although dependent on
recruitment, it did not differ significantly between
clones in large and unrestricted soil volumes. Large

ramet number and

standard errors for ramet number per clone in both
the large and unrestricted soil volumes probably
contributed to the insignificant treatment effect on
canopy volume.

A greater expression of plasticity in ramet recruit-
ment from axillary buds located at the soil surface,
than in ramet growth from previously activated api-
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cal meristems within the clone canopy, supports the
hypothesis that the developmental rate of apical
meristems is less sensitive than that of axillary buds
1997).
Biomechanical constraints associated with the sup-
port of vertical structures may limit the range of
plasticity shown by individual ramets (Huber 1996).
Furthermore, in productive grassland environments,
the capacity for effective lateral spread and space
occupation may be of greater adaptive value than
vertical growth (Lovett Doust & Lovett Doust
1982).

In contrast to greater ramet density of S. scopar-
ium clones confined within large soil volumes, clones
of the rhizomatous perennial grass Panicum virga-
tum developed ramets of greater size and reproduc-
tive development, rather than increased ramet
numbers, in
(Hartnett 1993). Contrasting growth responses by S.
scoparium and P. virgatum clones to increased

to resource availability (Watson et al.

response to nitrogen fertilization

below-ground resource availability may represent a
case of interspecific variation in clonal plasticity, as
demonstrated by Dong & Pierdominici (1994).
Alternatively, contrasting growth responses between
clones subjected to different soil volumes and nitro-
gen fertilization suggest that soil nitrogen may not
have been the only soil resource influencing ramet
recruitment. Hartnett (1993) suggested that soil
water may be a more critical resource than soil
nitrogen in influencing growth of perennial grass
clones in mesic environments following removal of
competitors and addition of nitrogen. However, in
this investigation, soil water appeared to influence
leaf and ramet growth to a greater extent than it did
ramet recruitment.

Limited ramet mortality occurred in clones in the
small soil volumes in the first year, as evidenced by
decreases in ramet number and density per clone
from May to July compared with unrestricted
clones. However, no ramet mortality occurred in
clones in the large soil volume until the second year,
which was associated with a regional drought. The
drought in the second year makes it difficult to
determine whether ramet mortality occurred because
clones recruited more ramets than the environment
could support, or whether severe reductions in water
availability contributed directly to mortality. Ramet
mortality occurred to a similar extent in clones of
all soil volume treatments in the third year of the
investigation, suggesting that a mechanism of intra-
clonal regulation was operating to maintain ramet
recruitment within the carrying capacity of the
environment following modification in soil volumes.
Ramet mortality and an associated decrease in
ramet density per clone frequently occur in clones of
this species during mid-summer (Briske & Butler
1989).

Self-thinning in S. scoparium clones may be mini-
mized by extensive physiological integration between
ramets, at least within individual ramet hierarchies,
even though physiological integration does not
occur between all ramets within the clone (Welker et
al. 1991; Derner & Briske 1998). This interpretation
is consistent with the hypothesis that intraclonal
ramet density may be at least partially regulated by
physiological integration (Hutchings 1979; Suzuki &
Hutchings 1997), but it may apply at a finer scale
than that of the entire clone (de Kroon & Kwant
1991; Derner & Briske 1998). The alternative inter-
pretation, that self-thinning may be constrained by
regulation of the number and size of physiologically
independent units within clones, appears less plausi-
ble.

Increased growth of both ramets and leaves in
response to shading within both the large and small
soil  volumes below-ground
resource availability exerted greater control on clo-
nal growth than light intensity did under the condi-
tions of this experiment. A reduction in light
intensity probably increased growth by increasing
water-use efficiency in the shaded microenviron-
ment. The occurrence of greater ramet height and
leaf blade area in shaded compared with unshaded
clones, even though clones within both soil volume
treatments had similar xylem pressure potentials,
provides indirect evidence for this interpretation.
Clones in the large soil volumes had access to four
times as much water as clones in the small soil
volumes, but nevertheless clones in the large soil
volumes had more favourable xylem pressure poten-
tials than clones in the small soil volumes on only
one sampling date in 1995. Apparently, clones in the
large soil volumes increased their rate of soil water
absorption compared with clones in the small soil
volumes by proportionally increasing canopy bio-
mass and transpirational area (Nobel 1981;
Anderson & Briske 1995). Enhanced growth of a Cy4
perennial grass in response to shading has been
attributed to an increase in the availability of both
water and nitrogen associated with increased miner-
1997).
grasses have been shown to maintain substantial
ramet recruitment at light intensities comparable
(60% ambient) with those imposed in this experi-
ment (Everson et al. 1988).

The occurrence of comparable cumulative ramet
recruitment, ramet number, ramet density and basal
area per clone in the unrestricted and small soil
volumes at the end of the investigation suggests that
unconfined clones acquired resources from a cylin-
der of soil with a radius approximately twice that of
the clone. This soil volume contains soils with the
largest accumulations of soil organic carbon and
nitrogen directly beneath caespitose clones (Hook
etal. 1991; Derner etal. 1997). Competition from

demonstrates that

alization (Cruz Late-seral C, perennial
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conspecific and heterospecific root systems may con-
strain root exploration to a smaller soil volume,
even though caespitose grasses can acquire nutrients
from distances of at least 0.5m from the clone per-
iphery (Tilman 1989; Derner & Briske 1998).
Resource acquisition from a relatively small soil
volume directly beneath clones, and the capacity for
a high degree of clonal plasticity in response to soil
resource availability, provides circumstantial evi-
dence to support the inference that the growth and
structure of caespitose clones may potentially be
mediated by resource accumulation in soils beneath
clones of this growth form.

Acknowledgements

This research was supported by a USDA Rangeland
Special Grant (96-38300-3071) and the Texas
Agricultural Experiment Station. The
acknowledge the assistance of Carlos and Adriana
Busso, Brian Hays, Blake Hendon, Emily Miller,

authors

Rae Lynn Schneider and Susan Stafford with data
collection and sample preparation. G. Cheplick, D.
Gibson, K. Hickman, H. de Kroon, J.I. Suzuki and
L. Wallace critically reviewed earlier versions of the
manuscript.

References

Aarssen, L.W. (1995) Hypotheses for the evolution of api-
cal dominance in plants: implications for the interpre-
tation of overcompensation. Oikos, 74, 149-156.

Aguilera, M.O. & Lauenroth, W.K. (1995) Influence of
gap disturbances and type of microsites on seedling
establishment in Bouteloua gracilis. Journal of Ecology,
83, 87-97.

Anderson, V.J. & Briske, D.D. (1995) Herbivore-induced
species replacement in grasslands: is it driven by her-
bivory tolerance or avoidance? Ecological Applications,
5, 1014-1024.

Briske, D.D. & Butler, J.L. (1989) Density-dependent regu-
lation of ramet populations within the bunchgrass
Schizachyrium scoparium: interclonal versus intraclonal
interference. Journal of Ecology, 77, 963-974.

Briske, D.D. & Derner, J.D. (1998) Clonal biology of cae-
spitose grasses. Population Biology of Grasses (ed.
G.P. Cheplick), pp. 106-135. Cambridge University
Press, Cambridge, UK.

Briske, D.D. & Hendrickson, J.R. (1998) Does selective
defoliation mediate competitive interactions in a semi-

arid savanna? A demographic evaluation. Journal of

Vegetation Science, 9, 611-622.

Burke, I.C., Lauenroth, W.K., Vinton, M.A., Hook, P.B.,
Kelly, R.H., Epstein, H.E., Aguiar, M.R., Robles,
M.D., Aguilera, M.O., Murphy, K.L. & Gill, R.A.
(1998) Plant-soil interactions in temperate grasslands.
Biogeochemistry, 42, 121-143.

Caldwell, M.M., Dean, T.J., Nowak, R.S., Dzurec, R.S. &
Richards, J.H. (1983) Bunchgrass architecture, light
interception, and water-use efficiency: assessment by
fiber optic point quadrats and gas exchange.
Oecologia, 59, 178—184.

Cheplick, G.P. (1997) Responses to severe competitive
stress in a clonal plant: differences between genotypes.
Oikos, 79, 581-591.

Cline, M.G. (1991) Apical dominance. Botanical Review,
57, 318-358.

Coenen, C. & Lomax, T.L. (1997) Auxin—cytokinin inter-
actions in higher plants: old problems and new tools.
Trends in Plant Science, 2, 351-356.

Cruz, P. (1997) Effect of shade on the growth and mineral
nutrition of a C,4 perennial grass under field conditions.
Plant and Soil, 188, 227-237.

Derner, J.D. & Briske, D.D. (1998) An isotopic ('*N)
assessment of intraclonal regulation in C, perennial
grasses: ramet interdependence, independence or both?
Journal of Ecology, 86, 305-314.

Derner, J.D., Briske, D.D. & Boutton, T.W. (1997) Does
grazing mediate soil carbon and nitrogen accumulation
beneath Cy4, perennial grasses along an environmental
gradient? Plant and Soil, 191, 147-156.

Dong, M. & Pierdominici, M.G. (1994) Morphology and
growth of stolons and rhizomes, as affected by differ-
ent light supply. Vegetatio, 116, 25-32.

Everson, C.S., Everson, T.M. & Tainton, N.M. (1988)
Effects of intensity and height of shading on the tiller
initiation of six grass species from the Highland sour-
veld of Natal. South Afirican Journal of Botany, 54,
315-318.

Fowler, N.L. (1995) Density-dependent demography in
two grasses: a five-year study. Ecology, 76, 2145-2164.

Gould, F.'W. (1975) The Grasses of Texas. Texas A & M
University Press, College Station, TX.

Hallmark, C.T., West, L.T., Wilding, L.P. & Dress, L.R.
(1986) Characterization Data for Selected Texas soils.
MP-1583. Texas Agricultural Experiment Station, TX.

Harper, J.L. (1985) Modules, branches and the capture of
resources. Population Biology and Evolution of Clonal
Organisms (eds J.B.C. Jackson, L.W. Buss &
R.E. Cook), pp. 1-33. Yale University Press, New
Haven, CT.

Hartnett, D.C. (1993) Regulation of clonal growth and
dynamics of Panicum virgatum (Poaceae) in tallgrass
prairie: effects of neighbor removal and nutrient addi-
tion. American Journal of Botany, 80, 1114-1120.

Hendrickson, J.R. & Briske, D.D. (1997) Axillary bud
banks of two semiarid perennial grasses: occurrence,
longevity, and contribution to population persistence.
Oecologia, 110, 584-591.

Hook, P.B., Burke, I.C. & Lauenroth, W.K. (1991)
Heterogeneity of soil and plant N and C associated
with individual plants and openings in North
American shortgrass steppe. Plant and Soil, 138, 247—
256.

Huber, H. (1996) Plasticity of internodes and petioles in
prostrate and erect Potentilla species. Functional
Ecology, 10, 401-409.

Hutchings, M.J. (1979) Weight—density relationships in
ramet populations of clonal perennial herbs, with spe-
cial reference to the -3/2 power law. Journal of
Ecology, 67, 21-33.

de Kroon, H. & Kwant, R. (1991) Density-dependent
growth responses in two clonal herbs: regulation of
shoot density. Oecologia, 86, 298-304.

Lapham, J. & Drennan, D.S.H. (1987) Intraspecific regula-
tion of populations of the clonal herb, Cyperus esculen-
tus. Journal of Applied Ecology, 24, 1011-1024.

Laterra, P., Deregibus, V.A. & Maceira, N.O. (1997)
Demographic variability in tiller populations of two
pampa grasses. Journal of Vegetation Science, 8, 369—
376.



747
J.D. Derner &
D.D. Briske

© 1999 British
Ecological Society
Journal of Ecology,
87, 737-747

Lovett Doust, L. & Lovett Doust, J. (1982) The battle stra-
tegies of plants. New Scientist, 8, 81-84.

McPherson, G.R. (1997) Absence of interactions between
perennial bunchgrasses in a semi-arid temperate
savanna: a S5-year field experiment. Journal of Arid
Environments, 36, 565-570.

Murphy, J.S. & Briske, D.D. (1992). Regulation of tillering
by apical dominance: chronology, interpretative value,
and current perspectives. Journal of  Range
Management, 45, 419-429.

Nobel, P.S. (1981) Spacing and transpiration of various
sized clumps of a desert grass, Hilaria rigida. Journal
of Ecology, 69, 735-742.

Olson, B.E. & Richards, J.H. (1989) Crested wheatgrass
growth and replacement following fertilization, thin-
ning, and neighbor plant removal. Journal of Range
Management, 42, 93-97.

Phillips, I.D.J. (1975) Apical dominance. Annual Review of

Plant Physiology, 26, 341-367.

Ryel, R.J., Beyschlag, W. & Caldwell, M.M. (1994). Light
field heterogeneity among tussock grasses: theoretical
considerations of light harvesting and seedling estab-
lishment in tussocks and uniform tiller distributions.
Oecologia, 98, 241-246.

SAS Institute Inc. (1988) SAS/STAT User’s Guide, Release
6.03. SAS Institute Inc., Cary, NC.

Smith, H. (1982) Light quality, photoperception, and plant
strategy. Annual Review of Plant Physiology, 33, 481—
518.

Steel, R.G.D. & Torrie, J.H. (1980) Principles and
Procedures of Statistics: A Biometrical Approach.
McGraw-Hill Book Co., New York, NY.

Suzuki, J.I. & Hutchings, M.J. (1997) Interactions between
shoots in clonal plants and the effects of stored
resources on the structure of shoot populations. The
Ecology and Evolution of Clonal Plants (eds H. de
Kroon & J. van Groenendael), pp. 311-329. Backhuys
Publishers, Leiden, the Netherlands.

Tilman, D. (1989) Competition, nutrient reduction and the
competitive  neighbourhood of a  bunchgrass.
Functional Ecology, 3, 215-219.

Van Remortel, R.D. & Shields, D.A. (1993) Comparison
of clod and core methods for determination of soil
bulk density. Communications in Soil Science and Plant
Analyses, 24, 2517-2528.

Vinton, M.A. & Burke, I.C. (1995) Interactions between
individual plant species and soil nutrient status in
shortgrass steppe. Ecology, 76, 1116-1133.

Watson, M.A., Hay, M.J.M. & Newton, P.C.D. (1997)
Developmental phenology and the timing of determi-
nation of shoot bud fates: ways in which the develop-
mental program modulates fitness in clonal plants. The
Ecology and Evolution of Clonal Plants (eds H. de
Kroon & J. van Groenendael), pp. 31-53. Backhuys
Publishers, Leiden, the Netherlands.

Welker, J.M., Briske, D.D. & Weaver, R.W. (1991)
Intraclonal nitrogen allocation in the bunchgrass
Schizachyrium scoparium: an assessment of the physio-
logical individual. Functional Ecology, 5, 433-440.

Received 2 July 1998
revision accepted 23 February 1999



