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Clonal biology of caespitose grasses

DAVID D. BRISKE AND JUSTIN D. DERNER

Introduction

Graminoids comprise one of the largest subgroups of clonal plants among
terrestrial angiosperms (Tiffney & Niklas, 1985). Caespitose graminoids
represent a unique growth form that is characterized by the compact spatial
arrangement of ramets within individual clones and the absence of rhi-
zomes or stolons. Caespitose graminoids occur on all continents from the
high Arctic to the Sub-Antarctic and are distributed over a wide range of
precipitation zones (Leith, 1978; Walter, 1979). This growth form is partic-
ularly dominant in the grassland biome which occupies 24 million km?
including tropical and temperate grasslands, savannas and shrub steppe
(Leith, 1978).

The wide distribution and dominance expressed by caespitose
graminoids is somewhat surprising given that the majority of modern
monocot families are rhizomatous (Tiffney & Niklas, 1985). Rhizomes are
modified horizontal ramets located belowground that represent a mode of
clonal growth well suited for ramet dispersal, effective resource acquisition,
and resource storage (Grace, 1993). In contrast, caespitose graminoids
possess several attributes that could potentially limit their success, includ-
ing intense intraclonal competition for nutrients (Hartnett, 1993) and for
photosynthetically active radiation (Caldwell et al., 1983; Ryel, Beyschlag
& Caldwell, 1993, 1994), and a limited ability to access heterogeneously dis-
tributed resources (Van Auken, Manwaring & Caldwell, 1992). This poses
the question, ‘what structural and/or functional attributes contribute to the
ecological success of caespitose graminoids without the benefits conferred
by rhizomes?’ The adaptive value of caespitose clones must be sufficient to
offset the benefits associated with rhizomes or this growth form would not
be so successful (e.g. Pedersen & Tuomi, 1995). Because they possess
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minimal plasticity for ramet placement compared with rhizomatous and
stoloniferous (produce modified horizontal ramets aboveground) species
(e.g. de Kroon & van Groenendael, 1990), caespitose graminoids may be an
ideal growth form in which to evaluate ecological success conferred by clon-
ality.

A greater understanding of the processes and mechanisms influencing
and/or regulating ramet demography within individual clones would
increase insight into the ecological success of caespitose graminoids. For
example, are ramets within individual clones interdependent or indepen-
dent? What mechanism(s) regulates ramet densities, including recruitment
and/or mortality, within clones? Do caespitose clones represent an alterna-
tive strategy to active foraging characteristic of rhizomatous and stolonif-
erous species? How does the spatial arrangement of ramets within
individual clones influence growth efficiency? Answers to these questions
are essential for a thorough understanding of the structure, function, and
competitive ability expressed by this important and widely distributed
group of clonal plants. Unfortunately, the biology of caespitose clones has
received minimal attention compared with resource foraging by rhizoma-
tous and stoloniferous species. However, the concept of foraging strategies
within clonal plants has recently been broadened to incorporate the cae-
spitose growth form (Hutchings & de Kroon, 1994; de Kroon & Hutchings,
1995).

The goals of this chapter are to evaluate mechanisms potentially capable
of regulating ramet demography within caespitose clones and to assess
mechanisms conferring ecological success to caespitose grasses. These two
goals are related in that intraclonal regulation of ramet recruitment and
density may optimize the growth efficiency of individual clones. Specific
objectives are to:

1. establish the architectural constraints that define the caespitose growth
form;

2. evaluate the status of mechanisms capable of regulating intraclonal
ramet demography, including apical dominance, resource competition,
physiological integration, the red:far-red ratio of solar radiation, and
equitable resource acquisition among ramets within clones;

3. assess the relative magnitude and influence of intraclonal ramet compe-
tition;

4. survey the ability of caespitose clones to consolidate and monopolize
resources within their immediate environment as a potential mechanism
for their ecological success.
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Architecture and demography of caespitose grasses

Clonal architecture

A thorough comparison of caespitose and rhizomatous or stoloniferous
grasses requires some knowledge of the developmental morphology con-
tributing to architectural variations among them. In grasses, the funda-
mental growth unit is the phytomer which consists of a blade, sheath, node,
internode, and axillary bud (Etter, 1951; Langer, 1972; Dahl & Hyder,
1977). Ramets comprise a series of phytomers successively differentiated
from individual apical meristems (White, 1979; Briske, 1991). This pattern
of developmental morphology determines that grass clones are composed
of an assemblage of phytomers organized within a variable number of
ramets. Morphological variation of individual ramets is a consequence of
the number and size of phytomers which comprise them. For example, vari-
ation in ramet architecture among grasses of various heights results from a
modification in the size and/or number of phytomers determining cumula-
tive ramet height and leaf area. Following a period of juvenile develop-
ment, ramets are potentially capable of initiating subsequent ramets from
axillary buds.

The capacity for physiological integration between Jjuvenile and parental
ramets is established at the time of ramet development. Inter-ramet vascu-
lar connections are formed soon after bud differentiation beginning with
vascular traces of the prophyll (Hitch & Sharman, 1968a,b; Bell, 1976).
Basal differentiation of these vascular traces eventually allows them to join
the vascular system of the parental ramet, thus conferring the ability for
inter-ramet resource allocation. Physiological processes governing resource
availability and sink strengths determine the subsequent patterns of intra-
and inter-ramet resource allocation once the vascular system has formed
(Geiger, 1979). Inter-ramet carbon allocation patterns in grasses have been
summarized by Pitelka & Ashmun (1985; also see Welker & Briske, 1992).

Architectural variation among plants is often determined by a small
number of attributes including branch angles, internode length, and the
probability of bud growth (Harper, 1981). Spatial arrangement of ramets
within clones is a major determinant of architectural variation among
grass growth forms (i.e. caespitose, rhizomatous and stoloniferous species),
and is dependent upon the pattern of ramet development (Fig. 4.1).
Intravaginal ramet development within the subtending leaf sheaths results
in minimal inter-ramet distances and defines the caespitose (tussock,
bunchgrass, or phalanx) growth form (White, 1979; Briske, 1991).
Extravaginal ramet development proceeds laterally through the subtending
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Caespitose Intermediate ' Sodgrass

Fig. 4.1. Architectural variation within the grass growth form originates from the
pattern of juvenile ramet emergence. The caespitose growth form originates from
intravaginal ramet development within surrounding leaf sheaths while
extravaginal ramet development through the subtending leaf sheaths contributes
to a more diffuse ramet arrangement represented by the intermediate growth
form. Extravaginal ramet development is a prerequisite for rhizome and stolon
development characteristic of the sodgrass growth form. (From Briske, 1991).

leaf sheath contributing to a greater inter-ramet distance within clones.
This pattern of ramet development defines the intermediate growth form.
Extravaginal ramet development is a prerequisite for development of the
sodgrass (creeping, spreading, or guerrilla) growth form and inter-ramet
distances may be further accentuated by the development of rhizomes and
stolons. Architectural variation also determines how clones exploit their
environment and interact with neighbours (Harper, 1981).

Clonal demography

Clonal growth and continued site occupation in perennial grasses results
from a condition termed meristem dependence (Tomlinson, 1974). Active
meristems are continually required to produce juvenile ramets to offset
mortality losses associated with the relatively short longevity of these struc-
tures (=2 years; Langer, 1972; Briske & Richards, 1995). Successive ramet
recruitment produces a series of connected generations referred to as ramet
hierarchies or families (Langer, 1972). The number of ramet generations
comprising a hierarchy is determined by the rate of ramet recruitment and
ramet longevity as influenced by genetic and environmental constraints. In
the case of the C, caespitose grass, Schizachyrium scoparium, ramet hierar-
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chies comprise three connected ramet generations (Welker, Briske &
Weaver, 1991; Williams & Briske, 1991). Ramet hierarchies are restricted to
three generations because the oldest ramet generation dies and decomposes
prior to development of the quaternary ramet generation. However, ramet
hierarchies have been shown to separate without ramet mortality in Poa
alpina, suggesting the occurrence of active abscission between ramet gen-
erations (Wilhalm, 1995). Resource allocation from both of the older ramet
generations within a hierarchy supports juvenile ramet establishment
(Welker ez al., 1991; Williams & Briske, 1991; Welker & Briske, 1992).

The numbers of ramets per hierarchy and hierarchies per clone define the
size and architectural configuration of caespitose clones. With increasing
clone size and age, ramet hierarchies become separated as the initial ramet
generations die and decompose (Gatsuk et al, 1980; Olson & Richards,
1988). The hollow crown phenomena characteristic of many long-lived
perennial caespitose grasses is very likely a natural consequence of the
architectural development of clones and not a symptom of stress or dis-
turbance (e.g. Briske, 1991; Danin & Orshan, 1995). Disproportionate
ramet recruitment at the clone periphery eventually reduces axillary bud
availability within the clone interior and limits ramet recruitment (Butler &
Briske, 1988; Olson & Richards, 1988). The interior regions of clones may
not be recolonized because of insufficient plasticity for ramet placement in
this location.

Annual ramet replacement theoretically confers clones with potential
immortality (Watkinson & White, 1986). Individual genets of Carex
curvila, Festuca rubra, F. ovina, and Holcus mollis have been estimated to
attain great longevities, perhaps exceeding 1000 years (Steinger, Korner &
Schmid, 1996), and occupy large areas (Harberd, 1961, 1962, 1967).
However, the few age estimates available for North American caespitose
grasses indicate that maximum clone longevity does not exceed 50 years
(Briske & Richards, 1995). Comparable evaluations of caespitose grasses in
Kazakhstan, including Festuca, Koeleria, and Stipa spp., suggest maximum
clone longevities of 30-80 years (Vorontzova & Zaugolnova, 1985;
Zhukova & Ermakova, 1985). Estimates of relatively short life spans may
partially result from the architectural development of caespitose clones and
the charting procedures frequently used to monitor clone survival. Clonal
expansion and subsequent fragmentation may yield estimates of premature
clone mortality even though the genet continues to survive in the form of
one or more remnants of the original clone (e.g. West, Rea & Harniss, 1979;
Cain, 1990; Lord, 1993). Chronological estimates of the architectural
development of Deschampsia caespitosa in northern Europe suggest that
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Fig. 4.2. Age estimates of the architectural development of Deschampsia
caespitosa in northern Europe suggest that 35-60 years is required for clones to
proceed from seedlings to senescence. Development of hollow crowns occurs in
the reproductive stage and clonal fragmentation occurs in the post-reproductive
stage. (From Gatsuk et al., 1980).

35-60 years is required for clones to progress from seedlings to senescent
clones (Gatsuk er al., 1980; Zhukova & Ermakova, 1985) (Fig. 4.2). The
pre-reproductive, reproductive, and post-reproductive stages require
approximately 5-10, 15-30, and 15-25 years to complete, respectively.
Clones develop hollow crowns during the reproductive stage and may frag-
ment into as many as 20 units during the post-reproductive stage. The pro-
gression of clonal development is assumed to be both species and habitat
specific (Vorontzova & Zaugolnova, 1985; Zhukova & Ermakova, 1985;
Wilhalm, 1995).

Although each clone fragment is potentially free living and capable of




112 D. D. Briske and J. D. Derner

continued ramet recruitment, contrasting views exist concerning their fate
and contribution to population maintenance. One interpretation indicates
that clonal fragments are relatively short-lived and that caespitose grass
populations are maintained largely by reproduction from seed (Vorontzova
& Zaugolnova, 1985; Zhukova & Ermakova, 1985). However, other inves-
tigators indicate that clonal fragments have a greater longevity (Lord, 1993;
Danin & Orshan, 1995) which enables them to contribute to genet existence
and population maintenance. Clonal fragmentation is a common charac-
teristic of perennial caespitose grasses in Europe (Wilhalm, 1995). All 24
species evaluated showed evidence of fragmentation into smaller units con-
sisting of several ramets each. A greater understanding of the fate of clonal
fragments is required because it may be the most relevant level at which to
investigate the ecology of clonal plants (Cain, 1990).

Mechanisms of ramet regulation within caespitose clones

In this section we evaluate five mechanisms associated with the regulation
of ramet recruitment and/or mortality within caespitose grass clones.
These mechanisms include: (1) apical dominance, (2) resource competition,
(3) physiological integration, (4) red:far-red ratio of solar radiation, and (5)
equitable resource acquisition by ramet hierarchies within clones. Apical
dominance and resource competition have long been recognized as mech-
anisms capable of regulating juvenile ramet growth from axillary buds
while the latter three mechanisms are more contemporary. A greater under-
standing of the mechanism(s) regulating intraclonal ramet demography
would increase insight into the structure and function of individual clones,
and more clearly establish whether ramet interdependence or independence
is the prevalent mode of intraclonal function.

Apical dominance

Apical dominance describes the physiological regulation of axillary bud
growth by the apical meristem region (Phillips, 1975; Cline, 1991). The
physiological mechanism termed the direct hypothesis of auxin action was
mitially proposed by Thimann & Skoog (1933) shortly following the dis-
covery of the plant hormone auxin. This mechanism indicates that auxin
(indoleacetic acid), produced in the apical meristem and young leaves,
directly inhibits axillary bud growth. Apical meristem destruction or
removal is assumed to release axillary buds from hormonal inhibition and
stimulate ramet initiation by eliminating the source of auxin (Fig. 4.3). The
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Fig. 4.3. Longitudinal view of a ramet base (crown) illustrating the apical
meristem and an emerging leaf and ramet. A single axillary bud is differentiated
with each phytomer from the apical meristem. (From Murphy & Briske, 1992).

direct hypothesis of auxin action continues to be a predominant interpre-
tation of the physiological mechanism of apical dominance by grassland
ecologists and resource managers (Murphy & Briske, 1992). However, the
direct hypothesis was abandoned by plant physiologists during the 1950s
because of experimental and interpretive inconsistencies and the demon-
strated involvement of a second hormone, cytokinin. A hypothesis based
on the auxin:cytokinin ratio has replaced the direct hypothesis as the
current hormonally based interpretation of apical dominance (Cline, 1991;
Murphy & Briske, 1992). This hypothesis indicates that auxin produced in
the apical meristem region blocks the synthesis or utilization of cytokinin
within axillary buds, inhibiting their growth (see Hutchings & Mogie,
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1990). Despite wide acceptance, numerous issues remain unresolved con-
cerning this hypothesis, suggesting that it may also be an incomplete inter-
pretation of the physiological mechanism of apical dominance.

The ability of apical dominance to explain ramet recruitment in
grasses is less consistent than generally recognized, regardless of the
underlying physiological mechanisms. Apical meristem removal does not
consistently promote ramet initiation in grasses and ramet initiation may
occur in plants with intact apical meristems (Murphy & Briske, 1992).
However, forage grasses adapted to mesic, fertile environments (e.g.
Lolium perenne) frequently do increase ramet initiation in response to
plant defoliation and grazing (e.g. Grant, Barthram & Torvell, 1981).
The mechanism(s) associated with these contrasting responses is
unknown. The large number of potentially intervening variables, includ-
ing environmental conditions, species-specific responses, stage of pheno-
logical development, and frequency and intensity of defoliation, also
minimizes the likelihood of consistent ramet initiation in response to
defoliation. These inconsistencies indicate that the traditional concept of
apical dominance is an overly restrictive interpretation of ramet regula-
tion in perennial grasses.

Resource competition

Resource competition exerts a substantial influence on ramet recruitment
in grass clones (Briske & Butler, 1989; Hartnett, 1993). Presumably com-
petition influences resource availability and, therefore, ramet recruitment
and/or mortality. Ramet recruitment is strongly influenced by both intra-
clonal and interclonal competition in populations of caespitose grasses
(Briske & Butler, 1989; Cheplick & Salvadori, 1991). Clone size and distri-
bution also mediate competitive interactions and influence ramet initiation
and clonal expansion (Briske & Anderson, 1990). A high density of small
Schizachyrium scoparium clones exhibited greater relative increases in
ramet density and basal area expansion than did a comparable number of
ramets arranged in a low density of large clones. These responses appar-
ently were mediated through a specific regulation mechanism, as opposed
to increased efficiency of resource acquisition, because annual shoot
biomass production was comparable for all three combinations of clone
size and ramet distribution evaluated. Greater ramet recruitment from the
high density of small clones was very likely a function of the greater clonal
periphery associated with a large number of small clones (Briske &
Anderson, 1990). The majority of juvenile ramet recruitment occurs on the
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periphery, rather than the interior, of individual clones (Olson & Richards,
1988; Briske & Butler, 1989).

Resource availability has been associated with regulation of ramet
recruitment based on a correlative relationship between the rate and mag-
nitude of ramet recruitment and resource availability. However, it is impos-
sible to conclude from such evidence that ramet recruitment is regulated by
resource availability as opposed to being one component of an overall
growth increase (Murphy & Briske, 1992). Higher nutrient concentrations
in axillary buds released from inhibition in comparison with their inhibited
counterparts do not necessarily imply a causal relationship. Greater nutri-
ent concentrations in growing buds may more accurately reflect the result,
rather than the cause, of axillary bud growth (Rubinstein & Nagao, 1976).
Consequently, it is difficult to deny the involvement of resource availability
in the regulation of ramet recruitment, but it has yet to be established that
ramet recruitment is specifically regulated by resource availability (Murphy
& Briske, 1992).

Physiological integration
Physiological integration among ramets has been proposed to function as
a mechanism capable of regulating ramet recruitment within clones
(Hutchings, 1979; Pitelka, 1984; Hutchings & Bradbury, 1986). Resource
integration among ramets within clones presumably provides a mechanism
to: (1) equitably distribute resources among ramets, (2) minimize inter-
ramet competition, and (3) optimize the efficiency of resource acquisition
from the local environment (Caraco & Kelly, 1991). Although the occur-
rence of inter-ramet resource allocation is well documented in grasses
(Pitelka & Ashmun, 1985), substantial evidence has accumulated to indi-
cate that resource integration does not occur among all ramets within cae-
spitose clones (Briske & Butler, 1989; de Kroon & Kwant, 1991).
Experiments conducted with three dominant grass species (Panicum vir-
gatum, Schizachyrium scoparium and Bouteloua gracilis) along an east—west
environmental gradient in the North American Great Plains demonstrate
that physiological integration is confined to individual ramet hierarchies,
rather than throughout all ramets within clones (Derner & Briske, 1998).
A vast majority of the stable isotope of nitrogen ('*N) introduced into indi-
vidual parental ramets remained within the labelled ramet hierarchies,
rather than being allocated to associated ramet hierarchies within the
clone. These findings confirm that intraclonal integration is not complete
and support previous hypotheses drawn from N experiments with
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Fig. 4.4. Clones of temperate, caespitose grasses are organized as assemblages of
autonomous ramet hierarchies, rather than as a sequence of completely integrated
ramets. The benefits of physiological integration are restricted to individual ramet
hierarchies (solid circles), which consist of approximately three connected ramet
generations, while interhierarchical competition occurs for soil resources
accumulated directly beneath the basal area of individual clones (dashed circle).

containerized S. scoparium clones and experiments severing vascular con-
nections among ramets within established clones in the field (Welker ef al.,
1987, 1991; Williams & Briske, 1991).

Partial resource integration can be explained on the basis of the devel-
opmental architecture of caespitose clones. Most investigations of inter-
ramet resource allocation in grasses have been conducted with young plants
established from seed (e.g. Pitelka & Ashmun, 1985). The potential for
complete resource integration exists in young plants because all ramets
possess vascular connections with the seminal ramet produced from the
embryo. This provides complete vascular continuity throughout the entire
clone. However, the seminal ramet dies during the second or third growing
season, disrupting complete vascular continuity within older clones (Briske
& Butler, 1989). Annual grasses are anticipated to maintain complete vas-
cular continuity because longevity of the seminal ramet equals that of the
clone.

Resource allocation among only those ramets within individual ramet
hierarchies indicates that ramet hierarchies function autonomously within
clones, rather than as a sequence of completely integrated ramets (Fig. 4.4).
Consequently, the benefits of physiological integration are restricted to
these connected generations. Therefore, ramet hierarchies comprise the
physiologically integrated individual in this growth form (sensu Watson &
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Casper, 1984). Low levels of resource allocation observed between ramet
hierarchies may result from the occurrence of mycorrhizal connections
among root systems of ramet hierarchies (Newman, 1988; Fischer Walter
et al., 1996). Documentation of partial clonal integration within caespitose
grasses requires that an alternative mechanism of intraclonal ramet regu-
lation be identified and investigated.

Equitable resource acquisition among ramet hierarchies

Competitive interactions among ramet hierarchies within clones, rather
than physiological integration among them, may potentially regulate ramet
recruitment and density. A broadly distributed root system associated with
each ramet hierarchy may potentially enable all ramef hierarchies to access
resources equitably from small patches within the immediate vicinity of
individual clones. Therefore, a small-scale resource limitation or pulse
would equitably constrain or promote growth of all ramet hierarchies
within a clone, rather than only the hierarchies nearest the resource patch.
Consequently, equitable resource acquisition among ramet hierarchies may
minimize intraclonal competition, promote ramet interdependence, and
enhance growth efficiency of individual clones.

Experiments conducted with three dominant grass species along an
ecast—west environmental gradient in the North American Great Plains doc-
umented that ramet hierarchies within individual clones did not exhibit
equitable resource acquisition. Placement of "N in the soil at three loca-
tions peripheral to clones demonstrated that ramets in closer proximity to
the nitrogen pulse exhibited significantly greater nitrogen acquisition than
did those further away from the nitrogen pulse (Derner & Briske, 1998).
Vascular connections within clones were severed perpendicular to the
location of the "N pulse to ensure that ramets acquired >N by root absorp-
tion, rather than by physiological integration from associated hierarchies.
Inequitable resource acquisition among ramet hierarchies demon-
strates that hierarchies are independent and that intense competition
potentially occurs among hierarchies within clones. Therefore, equitable
resource acquisition is not a viable mechanism of intraclonal ramet
regulation.

Red:far-red radiation ratio

Perception of an environmental signal, rather than resource availability or
acquisition, may regulate intraclonal ramet recruitment and density.
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Depressions in the red:far-red ratio (R:FR; 660+5 nm:730% 5 nm) of solar
radiation from values typical of sunlight have been proposed as a potential
mechanism capable of regulating ramet initiation within perennial grasses
(Deregibus et al., 1985; Casal, Deregibus & Sanchez, 1985). A suppression
of ramet initiation in response to the R:FR ratio was first demonstrated
with seedlings of Lolium perenne and L. multiflorum in a controlled envi-
ronment (Deregibus, Sanchez & Casal, 1983) and Paspalum dilatatum
plants in the field (Deregibus et al., 1985). However, in spite of the rapidly
growing acceptance of the R:FR hypothesis (Casal et al., 1985, 1987a,b;
Casal, 1988; Skinner & Simmons, 1993), additional understanding of three
important processes is required to determine accurately the ecological sig-
nificance of the R:FR as an environmental signal capable of regulating
ramet initiation and growth in caespitose grasses.

First, experiments designed to demonstrate the direct regulation of
ramet initiation by the R:FR signal under field conditions have not pro-
duced consistent results. An increase in the R:FR beneath canopies of P
dilatatum increased ramet initiation by three times compared with control
plants at the end of the growing season (Deregibus et al., 1985). However,
Sporobolus indicus plants in the same investigation were less responsive to
supplemental red radiation. Similarly, a reduction in the R:FR at the bases
of three morphologically distinct Festuca rubra ecotypes reduced ramet ini-
tiation in only two of the ecotypes during a six-month experiment (Skalova
& Krahulec, 1992). A field experiment conducted with clones of S. scopar-
ium demonstrated that irradiation with either red or far-red radiation at the
clone bases throughout the photoperiod for 12 consecutive weeks did not
significantly affect ramet initiation from existing buds on parental ramets
(Murphy & Briske, 1994). The unresponsiveness of mature S. scoparium
clones in the field is even more intriguing given that seedlings of this species
produced the anticipated responses of increased leaf elongation and
reduced ramet initiation following irradiation with end-of-day far-red radi-
ation (J. S. Murphy & D. D. Briske, unpubl. manu.).

Second, the sites and locations of R:FR photoperception remain con-
troversial and have very likely been misidentified as the axillary buds and/or
sheaths at the ramet base (Casal et al., 1985, 1987a; Deregibus et al., 1985),
rather than immature leaf blades located within the canopy (Skinner &
Simmons, 1993). It is difficult to envisage how either sheaths or buds could
efficiently function as sites of R:FR signal perception because (1) these
organs are largely shielded from the ambient radiation environment by
encircling older leaves (Dale, 1988) and (2) the axillary bud subtending each
leaf does not develop into a new ramet until that leaf has ceased expansion
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(Skinner & Nelson, 1994). If emerging leaf blades function as the predom-
inant site of photoperception, it potentially minimizes the ecological sig-
nificance of the R:FR as a density-dependent signal because the site of
photoperception and low R:FR would spatially coincide only in young
juvenile ramets and seedlings beneath clone canopies (Murphy & Briske,
1994).

Third, the mechanism by which low R:FR suppresses ramet initiation has
not been clearly established. Although low R:FR suppression of ramet
initiation has been demonstrated to occur without a reduction in the rate of
leaf appearance (Casal, 1988; Skinner & Simmons, 1993), and therefore,
axillary bud availability, an alternative mechanism of ramet suppression has
not been identified. A plausible explanation of bud suppression following
exposure to low R:FR is the temporary diversion of carbon (e.g. Yanovsky
et al., 1995) from axillary buds to support enhanced leaf development.
Ramet suppression in response to low R:FR may be restricted to the early
stages of seedling and ramet growth when competition between leaves and
buds for a limited carbon supply is sufficient to affect juvenile ramet growth
(1. S. Murphy & D. D. Briske, unpubl. manu.). Therefore, ramet suppression
in response to low R:FR may not be a pervasive mechanism exclusively reg-
ulating axillary bud growth throughout the life of a ramet.

Summary of potential regulation mechanisms

An evaluation of the intraclonal mechanisms potentially capable of regu-
lating ramet demography reveals that little is known about their mode of
operation or relative contribution. The direct hypothesis of apical domi-
nance is outdated from a physiological perspective and the response of
ramet recruitment to apical meristem removal is less consistent than gen-
erally recognized. Physiological integration is restricted to individual ramet
hierarchies and, therefore, incapable of regulating ramet recruitment
within entire clones. Autonomous ramet hierarchies are not capable of
equitably sampling resources, indicating that this process does not mediate
interhierarchy competition to regulate ramet densities within clones.
Additional information is required to define the mechanisms and ecologi-
cal significance of the red:far-red ratio of solar radiation on ramet demog-
raphy. Competition appears to exert the greatest influence on ramet
populations, but it is uncertain whether competition exerts disproportion-
ate effects on ramet recruitment relative to the overall influence on clonal
growth.

The search for a sole physiological (e.g. apical dominance) or ecological
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(e.g. red:far-red ratio) mechanism of intraclonal ramet regulation may have
limited progress towards understanding the regulation of ramet demogra-
phy within grasses. Regulation of this important demographic process by a
single mechanism would potentially constrain morphological plasticity
within the wide range of habitats occupied by the caespitose growth form.
Alternatively, intraclonal ramet regulation may be a multivariable process
regulated by several interacting physiological and environmental variables.
However, a multivariable model has received minimal research emphasis
(Phillips, 1975; Murphy & Briske, 1992). In addition, the ramet hierarchy,
rather than the entire clone, may be a more appropriate scale at which to
investigate intraclonal ramet regulation.

Evaluation of intraclonal ramet competition

Inter-ramet competition may occur, both aboveground and belowground,
at each of the following hierarchical locations: (1) within individual hier-
archies, (2) among hierarchies within a clone, (3) among hierarchies within
intraspecific, and (4) interspecific clones (Harper, 1985; Briske & Butler,
1989). Although the relative contributions of inter-ramet, intraclonal, and
interclonal competition to clonal structure and function have not been
established, the relative intensities of intraclonal and interclonal competi-
tion have been demonstrated to be comparable in several caespitose grasses
(Briske & Butler, 1989; Kelley, 1989; Cheplick & Salvadori, 1991).
Comparable competitive intensities within, compared with between, clones
suggest that potentially intense competitive interactions may occur among
autonomous ramet hierarchies within clones.

Intense competitive interactions among ramet hierarchies are established
by the absence of physiological integration and non-equitable acquisition
of soil resources among these genetically identical structures (Derner &
Briske, 1998). However, negative competitive interactions among ramet
hierarchies may increase the competitive ability of individual clones by the
development of a resource depletion zone (Harper, 1985), which is consis-
tent with the phalanx strategy of clonal plant growth (Lovett Doust, 1981).
In contrast, interactions among ramets within individual hierarchies are
assumed to be positive, rather than negative (Table 4.1). The benefits of
physiological integration within autonomous ramet hierarchies appear to
exceed the detrimental effects of competition among these connected ramet
generations.

Mechanisms of competitive interactions among hierarchical levels of
clonal structure are also unclear. It is uncertain whether competition
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among ramets within clonal plants is symmetric and contributes to size
equalization among ramets (Hutchings & Barkham, 1976; Ekstam, 1995)
or whether it is asymmetric and contributes to size inequalities among
ramets (de Kroon, Hara & Kwant, 1992). Asymmetric competition for light
is assumed to be most common at high plant densities where a potential
shift may occur from self-shading to neighbour shading (Schwinning,
1996). Leaf area indices as high as 3.4 have been documented in caespitose
grasses which result in substantial self-shading (Caldwell et al., 1983; Ryel
et al., 1993; 1994). Inequitable patterns of resource acquisition below-
ground also establish the potential for asymmetric competition within cae-
spitose clones (Schwinning, 1996). It has been hypothesized that
asymmetric competition among ramets within clones may produce sym-
metric competition among clones because conspecific clones possess com-
parable competitive abilities and they possess a limited ability to overtop
and shade one another (de Kroon et al., 1992). Additional insight into the
relative magnitude and consequences of hierarchical competitive interac-
tions may yield a greater understanding of demographic regulation and
spatial organization of ramets within caespitose clones and the ecological
success of this widely distributed group of clonal plants.

Interactions among autonomous units within clonal plants have also
been evaluated in a cooperative, rather than a competitive, manner.
Support for this interpretation is based on the assumption that antagonis-
tic relationships are less stable than mutualistic ones (Hardwick, 1986) and
that intraclonal competitive interactions represent a mechanism to opti-
mize internal resource allocation (Sachs, Novoplansky & Cohen, 1993).
The perspective of cooperative interaction among ramets within clones
shifts emphasis from the advantages of interdependence to the advantages
of independence (Kelly, 1995). However, the arguments proposed to justify
ramet, and in this case ramet hierarchy, independence in clonal plants do
not appear entirely applicable to caespitose grass clones. Production and
maintenance costs of vascular connections are minimal in comparison with
those of strongly rhizomatous species, and the possibility of traumatic
breakage appears limited within clones characterized by relatively small
basal areas (<1000 cm?). However, the risk of disease and pathogen injury
may be minimized by the absence of complete clonal integration in caespi-
tose clones (e.g. Cook, 1985; Kelly, 1995). Benefits associated with optimal
resource allocation are also minimized because each ramet produces its
own root system and is capable of resource acquisition to support the shoot
system (Sachs er al., 1993). Yet, independence among ramet hierarchies
appears to be a natural consequence of the developmental architecture of
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caespitose clones, indicating that the majority of caespitose grasses exist as
fragments, rather than entirely integrated clones (e.g. Wilhalm, 1995).
Otganization of caespitose grass clones as assemblages of autonomous
ramet hierarchies establishes the potential for ‘group modulated selection’
(Tuomi & Vuorisalo, 1989; Cheplick, 1993) in this growth form. This rep-
resents a unique type of group selection in which the semi-autonomy of
ramets, or ramet hierarchies in this case, determines that they are appro-
priate interactive units for selection in addition to that of the entire clone.
Consequently, selection in partially integrated clonal plants can be
assumed to consist of two component forces. The first process operates
entirely at the level of the ramet and is analogous to selection in unitary
plants. The second process operates at the level of the clone to modify
ramet reproduction. This suggests that selection in caespitose clones may
potentially be a product of ramet births, deaths, and reproductive output
mediated by the clone. Greater insight into the mechanism(s) of
clone-ramet interaction is required to effectively evaluate this concept.

Consolidator strategy

The most plausible interpretation of the ecological success of the caespi-
tose growth form has been attributed to effective resource monopolization
within the immediate environment of clones. This strategy of clonal plant
growth is described as the consolidator strategy and is characterized by the
following attributes: (1) the capacity for resource storage within clones, (2)
density-dependent patterns of ramet recruitment and mortality, (3) limited
architectural plasticity based on the absence of rhizomes and stolons, (4) a
high degree of physiological integration among ramets, and (5) competitive
superiority (de Kroon & Schieving, 1990). However, two of these attributes,
extensive physiological integration and substantial carbon and nitrogen
storage capacity, are not entirely applicable to caespitose grasses. The
absence of rhizomes very likely limits storage capacity for labile carbon and
nitrogen within caespitose clones (e.g. Grace, 1993), but direct comparisons
have not been conducted. An alternative location for resource storage may
be in soils beneath clones, rather than within clones. Greater pools of soil
organic carbon (SOC) and total nitrogen (N) beneath compared with
between S. scoparium clones in tallgrass and midgrass communities, and
beneath compared with between B. gracilis clones in a shortgrass commu-
nity verify that these two caespitose species accumulate nutrients in soils
beneath clones as opposed to entirely within clones (Derner, Briske &
Boutton, 1997). Nutrient accumulation is restricted vertically to the upper
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portion of the soil (0-5 cm) and horizontally within the basal area occu-
pied by clones (Fig. 4.5). Greater pools of SOC and N in soils beneath,
compared with between, caespitose clones have been documented in mesic
and semi-arid environments (Hook, Burke & Lauenroth, 1991; Jackson &
Caldwell, 1993; Rice et al., 1994; Vinton & Burke, 1995).

Accumulation of SOC and N in soils beneath caespitose clones poten-
tially conveys two distinct advantages to this growth form that further sup-
ports the existence of the consolidator strategy. First, larger pools of SOC
and N in soils beneath clones may provide a mechanism for resource
monopolization and maintenance of competitive dominance in grasslands
and savannas. Resource monopolization may result from nutrient immobi-
lization in litter and root detritus within close proximity to clones, thereby
limiting availability to associated vegetation (Wedin & Tilman 1993;
Berendse, 1994; Wedin, 1995). Second, accumulation of SOC and N
beneath clones may provide an alternative mechanism for density-depen-
dent ramet regulation by increasing nutrient availability within the imme-
diate vicinity of clones. However, ramet recruitment and shoot biomass of
S. scoparium clones exhibited proportional increases to a threefold increase
in available soil N, imposed by augmenting soil volumes available to estab-
lished clones in the field (J. D. Derner & D. D. Briske, unpubl. manu.).
Proportional increases in ramet recruitment with increasing N availability
indicates that ramet recruitment is an important component of morpho-
logical plasticity and that N accumulation beneath clones affects growth,
but does not necessarily function as a mechanism of ramet regulation.
Consequently, resource accumulation beneath clones may be more impor-
tant as a mechanism of resource monopolization to reduce competition
from associated vegetation than as a mechanism of increased nutrient avail-
ability and intraclonal ramet regulation.

Ecological implications

Greater pools of SOC and N within the 0-5 cm soil depth beneath caespi-
tose clones of S. scoparium, but not beneath rhizomatous clones of P vir-
gatum, within a tallgrass community, suggest that the consolidator
strategy may be comprised of two functional categories. The absence of
increased pools of either SOC or N at any soil depth beneath, compared
with between, P. virgatum clones may be a consequence of its clonal archi-
tecture. This species possesses a large amount of shoot biomass below-
ground in the form of short rhizomes that are long-lived and known to
function as sites of carbon and nitrogen storage (Hartnett, 1989, 1993).
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Fig. 4.5. Mean concentrations (n=10) of soil organic carbon (g kg™") within soils
beneath and between a pair of Schizachyrium scoparium clones in a long-term
ungrazed grassland community near Hays, Kansas. Soil cores were collected from
three locations: directly beneath each clone, the interstitial centre, and near the
periphery of each clone. Soil cores were separated into three depths: 0-5, 5-15
and 15-30 cm. Logistic regression equations were developed to determine the
pattern of soil organic carbon accumulation beneath clones.

Caespitose consolidator strategists may partially rely on nutrient accumu-
lation in soils beneath clones to maintain competitive dominance, whereas
rhizomatous consolidator strategists may store nutrients within rhizomes,
rather than soils. Both plant categories may effectively accumulate and
utilize nutrients to support early season growth (Bobbink, den Dubbelden
& Willems, 1989) and minimize aboveground nitrogen losses by herbivory,
fire, and volatilization during periods of limited water availability
(Heckathorn & DeLucia, 1994). However, direct comparisons of nutrient
storage pools between rhizomatous and caespitose grasses have not been
conducted. ;

Nutrient accumulation in soils beneath caespitose clones may function
as a passive alternatiye to a more active foraging strategy based on the
assumption that the benefits of exploratory search for resources do not out-
weigh associated costs of rhizome and/or stolon construction and
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maintenance (e.g. Hutchings & de Kroon, 1994; de Kroon & Hutchings,
1995). Nutrient accumulation beneath caespitose clones may have mini-
mized selection for an active foraging strategy associated with the develop-
ment of rhizomes and/or stolons. The costs associated with ramet
placement beyond the immediate vicinity of individual clones may exceed
the potential benefits in this growth form. These costs would be expected
to increase with continued site occupation because patch ‘worth’ beneath
clones increases through time (e.g. Burke, Lauenroth & Coffin, 1995;
Derner et al., 1997). Physiological plasticity, including root proliferation
(Robinson, 1996) and increased absorption kinetics (Crick & Grime, 1987;
Jackson & Caldwell, 1989, 1992), is anticipated to be more important than
morphological plasticity for effectively accessing nutrients in association
with the consolidator strategy (e.g. Crick & Grime, 1987; Campbell &
Grime, 1989; Jonasson & Chapin, 1991). Physiological plasticity may be
more cost effective than morphological plasticity based on greater con-
struction and maintenance costs associated with rhizome and/or stolon
development.

While caespitose clones can occupy a broad range of seral positions in
grasslands and savannas, they frequently comprise the dominant late-seral
species (e.g. Lovett Doust & Lovett Doust, 1982). Do caespitose grasses
attain dominance in these systems because they are characterized by
minimal disturbances (de Kroon & van Groenendael, 1990) and/or because
the risks of clone mortality are highly predictable (Hutchings and
Bradbury, 1986)? This interpretation is based on the assumption that clones
composed of highly aggregated ramets may be killed by a single lethal event
(Cook, 1979; Schmid, 1990). However, no clear patterns emerge to corre-
late the distribution of caespitose grasses with disturbance regimes, cli-
matic patterns or edaphic variables in grasslands and savannas. It is
plausible, however, that caespitose grasses exhibit greater abundance in less
productive habitats compared with rhizomatous species (e.g. Pugnaire &
Haase, 1996). Resource accumulation in soils beneath clones may convey a
more cost-effective mechanism of resource foraging than resource accu-
mulation in rhizomes as resource availability decreases. Alternatively, rhi-
zomatous grasses may dominate more productive habitats where the
benefits of rhizome production outweigh the associated construction costs
to optimize clonal fitness. In an east-west gradient across the Great Plains
of North America, for example, caespitose grasses (Bouteloua, Stipa and
Schizachyrium) express greater dominance than do rhizomatous species
(Andropogon, Panicum and Sorghastrum) in the more xeric portions of the
gradient (Sims, Singh & Lauenroth, 1978). If this distributional pattern
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were verified in this and other regions, it would substantiate that resource
accumulation in soils beneath individual clones is an important mechanism
conferring ecological success to caespitose grasses.

Managerial implications

Degradation of late-seral caespitose grass populations in response to inten-
sive long-term herbivory is well documented (Briske & Richards, 1995).
Degradation is characterized by a reduction in mean basal area per clone
and an increase in clone density very likely resulting from the fragmentation
of individual large clones (Butler & Briske, 1988). Herbivore-induced pop-
ulation degradation may potentially be mediated by the reduction of SOC
and N accumulation in soils beneath individual clones. Long-term intensive
herbivory may reduce nutrient pools beneath clones by limiting availability
of photosynthetic and/or meristematic tissues necessary for growth, and
may thereby decrease organic matter input into soils in the immediate vicin-
ity of clones (e.g. Berendse, Elberse & Geerts, 1992). A reduction in SOC
and N pools beneath clones may potentially limit their ability to monopo-
lize resources in the form of low-quality litter and maintain their competi-
tive dominance. However, a reduction in SOC and N pools beneath clones
following intensive herbivory would require decades based on the time
required for organic matter turnover in temperate regions (Schimel er al.,
1994). Therefore, herbivore-induced population degradation of caespitose
grasses must initially be mediated by the suppression of plant function
because population structure of caespitose grasses can be modified by
intensive herbivory within several years (Butler & Briske, 1988).
Herbivore-induced reductions of SOC and N in soils beneath clones may
also have important implications for the restoration of severely degraded
populations of caespitose grasses. Slow and incomplete recovery of
degraded caespitose grass populations (e.g. Dyksterhuis, 1946; Riegel et al.,
1963) may be a consequence of the reduction in SOC and N pools beneath
individual clones which minimizes clone function and competitive ability.
Carbon addition to soil for purposes of N immobilization may be required
to shift the competitive advantage from opportunistic mid-seral species,
which often dominate grasslands following degradation, back to consol-
idator strategists. For example, N fertilization effectively negated the ability
of the dominant caespitose grass, S. scoparium, to immobilize N in litter
and root detritus and placed it at a competitive disadvantage with associ-
ated mid-seral perennial grasses within several years (Tilman & Wedin,
1991; Wedin, 1995). Increased N immobilization has been associated with

(
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the progression of succession in several communities (McLendon &
Redente, 1992).

Summary

Although mechanisms of intraclonal ramet regulation have received more
research emphasis than mechanisms conferring ecological success to cae-
spitose grasses, a functional interpretation of intraclonal demographic reg-
ulation has not yet been developed. The search for a single regulatory
mechanism, as opposed to a multivariable approach, may have retarded
development of an unified ecological interpretation for this important
demographic process. Organization of caespitose clones as assemblages of
autonomous ramet hierarchies suggests that the ramet hierarchy may be the
appropriate level at which to investigate potential mechanisms of intra-
clonal ramet regulation. Interactions among ramets within individual hier-
archies are assumed to convey a positive growth response because the
benefits of physiological integration appear to exceed the detrimental
effects of competition among connected ramet generations. In contrast, the
absence of physiological integration, and the inability of genetically iden-
tical ramet hierarchies to acquire soil resources equitably, potentially pro-
duces intense intraclonal competition.

The ability of caespitose clones to monopolize resources through accu-
mulation of soil organic carbon and total nitrogen directly beneath clones
represents the most plausible mechanism for the ecological success of this
growth form. Additional research is required to identify the environmental
constraints and trade-offs associated with this mode of resource monopo-
lization relative to a more active foraging strategy characteristic of rhi-
zomatous and stoloniferous grasses. Recognition that caespitose grasses
are composed of autonomous ramet hierarchies suggests that future
advances in clonal biology of caespitose grasses will result from investiga-
tion of intraspecific and interspecific interactions among ramet hierarchies
and their potential contributions to clone, genet and population mainte-
nance.

Acknowledgements

We wish to thank C. K. Kelly, B. Schmid, T. Wilhalm, and D. G. Williams
for constructive comments on earlier versions of the manuscript. Financial
support was provided by a USDA Rangeland Special Grant
(92-38300-7459) to DDB.



Clonal biology of caespitose grasses 129

References

Bell, A. D. (1976). The vascular pattern of Italian ryegrass (Lolium multiflorum
Lam). 3. The leaf trace system, and tiller insertion, in the adult. Annals of
Botany, 40, 241-50.

Berendse, F. (1994). Litter decomposability — a neglected component of plant
fitness. Journal of Ecology, 82, 187-90.

Berendse, F,, Elberse, W. Th. & Geerts, R. H. M. E. (1992). Competition and
nitrogen loss from plants in grassland ecosystems. Ecology, 73, 46-53.

Bobbink, R., den Dubbelden, K. & Willems, J. H. (1989). Seasonal dynamics of
phytomass and nutrients in chalk grassland. Oikos, 55, 216-24.

Briske, D. D. (1991). Developmental morphology and physiology of grasses. In
Grazing Management: An ecological perspective, ed. R. K. Heitschmidt & J.
W, Stuth, pp. 85-108. Timber Press, Portland, Oregon, USA.

Briske, D. D. & Anderson, V. J. (1990). Tiller dispersion in populations of the
bunchgrass Schizachyrium scoparium: Implications for herbivory tolerance.
Oikos, 59, 50-6.

Briske, D. D. & Butler, J. L. (1989). Density-dependent regulation of ramet
populations within the bunchgrass Schizachyrium scoparium: Interclonal
versus intraclonal interference. Journal of Ecology, 77, 963-74.

Briske, D. D. & Richards, J. H. (1995). Plant responses to defoliation: A
physiological, morphological, and demographic evaluation. In Wildland
Plants: Physiological ecology and developmental morphology, ed. D. 1.
Bedunah & R. E. Sosebee, pp. 635-710. Society for Range Management,
Denver, Colorado, USA.

Burke, I. C., Lauenroth, W. K. & Coffin, D. P. (1995). Soil organic matter
recovery in semiarid grasslands: Implications for the conservation reserve
program. Ecological Applications, 5, 793-801.

Butler, J. L. & Briske, D. D. (1988). Population structure and tiller demography of
the bunchgrass Schizachyrium scoparium in response to herbivory. Qikos, 51,
306-12.

Cain, M. L. (1990). Patterns of Solidago altissima growth and mortality: The role
of below-ground ramet connections. Oecologia, 82, 201-9.

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,
178-84.

Campbell, B. D. & Grime, J. P. (1989). A comparative study of plant
responsiveness to the duration of episodes of mineral nutrient enrichment.
New Phytologist, 112, 261-7.

Caraco, T. & Kelly, C. K. (1991). On the adaptive value of physiological
integration in clonal plants. Ecology, 72, 81-93.

Casal, J. J. (1988). Light quality effects on the appearance of tillers of different
order in wheat (Triticum aestivum). Annals of Applied Biology, 112, 167-T3.

Casal, J. I, Deregibus, V. A. & Sanchez, R. A. (1985). Variations in tiller
dynamics and morphology in Lolium multiflorum Lam. vegetative and
reproductive plants as affected by differences in red/far-red irradiation.
Annals of Botany, 56, 59-65.

Casal, J. I, Sanchez, R. A. & Deregibus, V. A. (1987a). The effect of light quality
on shoot extension growth in three species of grasses. Annals of Botany, 59
17,

Casal, J. J., Sanchez, R. A. & Deregibus, V. A. (1987b). Tillering responses of



130 D. D. Briske and J. D. Derner

Lolium multiflorum plants to changes of red/far-red ratio typical of sparse
canopies. Journal of Experimental Botany, 38, 1432-9.

Cheplick, G. P. (1993). Reproductive systems and sibling competition in plants.
Plant Species Biology, 8, 131-9.

Cheplick, G. P. & Salvadori, G. M. (1991). Intra- and interclonal competition in
the cleistogamous grass Amphibromus scabrivalvis. American Journal of
Botany, 78, 1494-502.

Cline, M. G. (1991). Apical dominance. Botanical Review, 57, 318-58.

Cook, R. E. (1979). Asexual reproduction: A further consideration. American
Naturalist, 113, 769-72.

Cook, R. E. (1985). Growth and development in clonal plant populations. In
Population Biology and Evolution of Clonal Organisms, ed. J. B. C. Jackson,
L. W. Buss & R. E. Cook, pp. 259-96. Yale University Press, New Haven,
Connecticut, USA.

Crick, J. C. & Grime, J. P. (1987). Morphological plasticity and mineral nutrient
capture in two herbaceous species of contrasted ecology. New Phytologist,
107, 403-14.

Dabhl, B. E. & Hyder, D. N. (1977). Developmental morphology and management
implications. In Rangeland Plant Physiology, ed. R. E. Sosebee, pp. 258-90.
Society for Range Management, Denver, Colorado, USA.

Dale, . E. (1988). The control of leaf expansion. Annual Review of Plant
Physiology and Plant Molecular Biology, 39, 267-93.

Danin, A. & Orshan, G. (1995). Circular arrangement of Stipagrostis ciliata
clumps in the Negev, Israel and near Gokaeb, Namibia. Journal of Arid
Environments, 30, 307-13.

de Kroon, H., Hara, T. & Kwant, R. (1992). Size hierarchies of shoot and clones
in clonal herb monocultures: Do clonal and non-clonal plants compete
differently? Oikos, 63, 410-19.

de Kroon, H. & Hutchings, M. I. (1995). Morphological plasticity in clonal
plants: The foraging concept reconsidered. Journal of Ecology, 83, 143-52.

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

de Kroon, H. & Schieving, F. (1990). Resource partitioning in relation to clonal
growth strategy. In Clonal Growth in Plants: Regulation and function, ed. J.
van Groenendael & H. de Kroon, pp. 113-30. SPB Academic Publishing,
The Hague, The Netherlands.

de Kroon, H. & van Groenendael, J. (1990). Regulation and function of clonal
growth in plants: An evaluation. In Clonal Growth in Plants: Regulation and
function, ed. J. van Groenendael & H. de Kroon, pp. 177-86. SPB Academic
Press, The Hague, The Netherlands.

Deregibus, V. A., Sanchez, R. A. & Casal, J. J. (1983). Effects of light quality on
tiller production in Lolium spp. Plant Physiology, 72, 900-2.

Deregibus, V. A., Sanchez, R. A., Casal, J. J. & Trlica, M. 1. (1985). Tillering
responses to enrichment of red light beneath the canopy in a humid natural
grassland. Journal of Applied Ecology, 221, 199-206.

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

Derner, J. D. & Briske, D. D. (1998). An isotopic assessment of intraclonal
regulation in C, perenial grasses: ramet interdependence, independence or
both? Journal of Ecology (in press).



Clonal biology of caespitose grasses 131

Dyksterhuis, E. J. (1946). The vegetation of the Fort Worth Prairie. Ecological
Monographs, 16, 1-29.

Ekstam, B. (1995). Ramet size equalisation in a clonal plant, Phragmites australis.
Oecologia, 104, 440-6.

Etter, A. G. (1951). How Kentucky bluegrass grows. Annals of Missouri Botanical
Garden, 38, 293-375.

Fischer Walter, L. E., Hartnett, D. C., Hetrick, B. A. D. & Schwab, A. P. (1996).
Interspecific nutrient transfer in a tallgrass prairie plant community.
American Journal of Botany, 83, 180-4.

Gatsuk, L. E., Smirnova, O. V., Vorontzova, L. 1., Zaugolnova, L. B. & Zhukova,
L. A. (1980). Age states of plants of various growth forms: A review. Journal
of Ecology, 68, 675-96.

Geiger, D. R. (1979). Control of partitioning and export of carbon in leaves of
higher plants. Botanical Gazette, 140, 241-8.

Grace, I. B. (1993). The adaptive significance of clonal reproduction in
angiosperms: an aquatic perspective. Aquatic Botany, 44, 159-80.

Grant, S. A., Barthram, G. T. & Torvell, L. (1981). Components of regrowth in
grazed and cut Lolium perenne swards. Grass and Forage Science, 36,
155-68.

Harberd, D. J. (1961). Observations on population structure and longevity of
Festuca rubra L. New Phytologist, 60, 184-206.

Harberd, D. J. (1962). Some observations on natural clones in Festuca ovina. New
Phytologist, 61, 85-100.

Harberd, D. I. (1967). Observations on natural clones of Holcus mollis. New
Phytologist, 66, 401-8.

Hardwick, R. C. (1986). Physiological consequences of modular growth in plants.
Philosophical Transactions of Royal Society London B, 313, 161-73.

Harper, J. L. (1981). The concept of population in modular organisms. In
Theoretical Ecology: Principles and applications, 2nd edn, ed. R. M. May, pp.
53-77. Backwell, Oxford.

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

Hartnett, D. C. (1989). Density- and growth stage-dependent responses to
defoliation in two rhizomatous grasses. Oecologia, 80, 414-20.

Hartnett, D. C. (1993). Regulation of clonal growth and dynamics of Panicum
virgatum (Poaceae) in tallgrass prairie: Effects of neighbor removal and
nutrient addition. American Journal of Botany, 80, 1114-20.

Heckathorn, S. A. & DeLucia, E. H. (1994). Drought-induced nitrogen
retranslocation in perennial C4 grasses of tallgrass prairie. Ecology, 75,
1877-86.

Hitch, P. A. & Sharman, B. C. (1968a). Initiation of procambial strands in leaf
primordia of Dactylis glomerata L. as an example of a temperate herbage
grass. Annals of Botany, 32, 153-64,

Hitch, P. A. & Sharman, B. C. (19685). Initiation of procambial strands in
axillary buds of Dactylis glomerata L., Secale cereale L., and Lolium perenne
L. Annals of Botany, 32, 667-76.

Hook, P. B., Burke, I. C. & Lauenroth, W. K. (1991). Heterogencny of soil and
plant N and C associated with mdmdual plants and openings in North
American shortgrass steppe. Plant and Soil, 138, 247-56.



132 D. D. Briske and J. D. Derner

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

Hutchings, M. J. & Barkham, J. P. (1976). An investigation of shoot interactions
in Mercurialis perennis L., a rhizomatous perennial herb. Journal of Ecology,
64, 723-43.

Hutchings, M. J. & Bradbury, I. K. (1986). Ecological perspectives on clonal
perennial herbs. BioScience, 36, 178-82.

Hutchings, M. I. & de Kroon, H. (1994). Foraging in plants: The role of
morphological plasticity in resource acquisition. Advances in Ecological
Research, 25, 159-238.

Hutchings, M. J. & Mogie, M. (1990). The spatial structure of clonal plants:
Control and consequences. In Clonal Growth in Plants: Regulation and
Junction, ed. J. van Groenendael & H. de Kroon, pp. 57-76. SPB Academic
Press, The Hague, The Netherlands.

Jackson, R. B. & Caldwell, M. M. (1989). The timing and degree of root
proliferation in fertile-soil microsites for three cold-desert perennials.
Oecologia, 81, 149-53.

Jackson, R. B. & Caldwell, M. M. (1992). Shading and the capture of localized
soil nutrients: Nutrient contents, carbohydrates, and root uptake kinetics of
a perennial tussock grass. Qecologia, 91, 457-62.

Jackson, R. B. & Caldwell, M. M. (1993). Geostatistical patterns of soil
heterogeneity around individual perennial plants. Journal of Ecology, 81,
683-92.

Jonasson, S. & Chapin, F. S. III (1991). Seasonal uptake and allocation of
phosphorus in Eriophorum vaginatum L. measured by labeling with 32P. New
Phytologist, 118, 349-57.

Kelley, S. E. (1989). Experimental studies of the evolutionary significance of
sexual reproduction. V1. A greenhouse test of the sub-competition
hypothesis. Evolution, 43, 1066-74.

Kelly, C. K. (1995). Thoughts on clonal integration: Facing the evolutionary
context. Evolutionary Ecology, 9, 575-85.

Langer, R. H. M. (1972). How Grasses Grow. Edward Arnold, London.

Leith, H. (1978). Primary productivity in ecosystems: Comparative analysis of
global patterns. In Patterns of Primary Productivity in the Biosphere, ed. H.
F. H. Leith, pp. 300-21. Dowden, Hutchinson and Ross, Stroudberg,
Pennsylvania, USA.

Lord, J. M. (1993). Does clonal fragmentation contribute to recruitment in
Festuca novae-zelandiae? New Zealand Journal of Botany, 31, 133-8.

Lovett Doust, L. (1981). Population dynamics and local specialization in a clonal
perennial (Ranunculus repens). I. The dynamics of ramets in contrasting
habitats. Journal of Ecology, 69, 743-55.

Lovett Doust, L. & Lovett Doust, J. (1982). The battle strategies of plants. New
Scientist, 95, 81-4.

McLendon, T. & Redente, E. F. (1992). Effects of nitrogen limitation on species
replacement dynamics during early secondary succession on a semiarid
sagebrush site. Qecologia, 91, 312-7.

Murphy, I. S. & Briske, D. D. (1992). Regulation of tillering by apical dominance:
Chronology, interpretive value, and current perspectives. Journal of Range
Management, 45, 419-29.

Murphy, J. S. & Briske, D. D. (1994). Density-dependent regulation of ramet

{



Clonal biology of caespitose grasses 133

recruitment by the red:far-red ratio of solar radiation: A field evaluation with
the bunchgrass Schizachyrium scoparium. QOecologia, 97, 462-9.

Newman, E. I. (1988). Mycorrhizal links between plants: Their functioning and
ecological significance. Advances in Ecological Research, 18, 243-70.

Olson, B. E. & Richards, J. H. (1988). Spatial arrangement of tiller replacement in
Agropyron desertorum following grazing. Oecologia, 76, 7-10.

Pedersen, B. & Tuomi, J. (1995). Hierarchical selection and fitness in modular and
clonal organisms. Qikos, 73, 167-80.

Phillips, I. D. I (1975). Apical dominance. Annual Review of Plant Physiology, 26,
341-67.

Pitelka, L. F. (1984). Application of the —3/2 power law to clonal herbs. American
Naturalist, 123, 442-9.

Pitelka, L. F. & Ashmun, J. W. (1985). Physiology and integration of ramets in
clonal plants. In The Population Biology and Evolution of Clonal Organisms,
ed. J. B. G. Jackson, L. W. Buss & R. E. Cook, pp. 399-435. Yale University
Press, New Haven, Connecticut, USA.

Pugnaire, F. I. & Haase, P. (1996). Comparative physiology and growth of two
perennial tussock grass species in a semi-arid environment. Annals of Botany,
77, 81-6. ;

Rice, B. L., Westoby, M., Griffin, G. F. & Friedel, M. H. (1994). Effects of
supplementary soil nutrients on hummock grasses. Australian Journal of -
Botany, 42, 687-703.

Riegel, D. A., Albertson, F. W., Tomanek, G. W. & Kinsinger, F. E. (1963). Effects
of grazing and protection on a twenty-year-old seeding. Journal of Range
Management, 22, 60-3.

Robinson, D. (1996). Resource capture by localized root proliferation: Why do
plants bother? Annals of Botany, 77, 179-85.

Rubinstein, B. & Nagao, M. A. (1976). Lateral bud outgrowth and its control by
the apex. Botanical Review, 42, 83-113.

Ryel, R. J., Beyschlag, W. & Caldwell, M. M. (1993). Foliage orientation and
carbon gain in two tussock grasses as assessed with a new whole-plant gas-
exchange model. Functional Ecology, 7, 115-24.

Ryel, R. I, Beyschlag, W. & Caldwell, M. M. (1994). Light field heterogeneity
among tussock grasses: Theoretical considerations of light harvesting and
seedling establishment in tussocks and uniform tiller distributions. Qecologia,
98, 241-6.

Sachs, T., Novoplansky, A. & Cohen, D. (1993). Plants as competing populations
of redundant organs. Plant, Cell and Environment, 16, 765-70.

Schimel, D. S., Braswell, B. H., Holland, E. A., McKeown, R., Ojima, D. §,,
Painter, T. H., Parton, W. J. & Townsend, A. R. (1994). Climatic, edaphic,
and biotic controls over storage and turnover of carbon in soils. Global
Biogeochemistry Cycles, 8, 279-93.

Schmid, B. (1990). Some ecological and evolutionary consequences of modular
organization and clonal growth in plants. Evolutionary Trends in Plants, 4,
25-34. A

Schwinning, S. (1996). Decomposition analysis of competitive symmetry and size
structure dynamics. Annals of Botany, 77, 47-57.

Sims, P. L., Singh, J. S. & Lauenroth, W. K. (1978). The structure and function of
ten western North American grasslands. I. Abiotic and vegetation
characteristics. Journal of Ecology, 66, 251-81.

Skalova H. & Krahulec, F. (1992). The response of three Festuca rubra clones



134 D. D. Briske and J. D. Derner

to changes in light quality and plant density. Functional Ecology, 6,
282-90.

Skinner, R. H. & Nelson, C. J. (1994). Epidermal cell division and the
coordination of leaf and tiller development. Annals of Botany, 74, 9-15.

Skinner R. H. & Simmons, S. R. (1993). Modulation of leaf elongation, tiller
appearance and tiller senescence in spring barley by far-red light. Plant, Cell
and Environment, 16, 555-62.

Steinger, T., Korner, C. & Schmid, B. (1996). Long term perspective in a changing
climate: DNA analysis suggest very old ages of clones of alpine Carex
curvula. Oecologia, 105, 94-9.

Thimann, K. V. & Skoog, F. (1933). Studies on the growth hormone of plants. 3.
The inhibiting action of the growth substance on bud development.
Proceedings of National Academy of Sciences of the US4, 19, 714-6.

Tiffney, B. H. & Niklas, K. J. (1985). Clonal growth in land plants: A
paleobotanical perspective. In The population Biology and Evolution of
Clonal Organisms, ed. J. B. C. Jackson, L. W. Buss & R. E. Cook, pp. 35-66.
Yale University Press, New Haven, Connecticut, USA.

Tilman, D. & Wedin, D. (1991). Plant traits and resource reduction for five
grasses growing on a nitrogen gradient. Ecology, 72, 685-700.

Tomlinson, P. B. (1974). Vegetative morphology and meristem dependence — the
foundation of productivity in seagrasses. Aquaculture, 4, 107-30.

Tuomi, J. & Vuorisalo, T. (1989). What are the units of selection in modular
organisms? Oikos, 54, 227-33.

Van Auken, O. W,, Manwaring, J. H. & Caldwell, M. M. (1992). Effectiveness of
phosphate acquisition by juvenile cold-desert perennials from different
patterns of fertile-soil microsites. Oecologia, 91, 1-6.

Vinton, M. A. & Burke, L. C. (1995). Interactions between individual plant species
and soil nutrient status in shortgrass steppe. Ecology, 76, 1116-33.

Vorontzova, L. I. & Zaugolnova, L. B. (1985). Population biology of steppe
plants. In The Population Structure of Vegetation, ed. J. White, pp. 143-78.
Dr W. Junk Publishers, Dordrecht, The Netherlands.

Walter, H. (1979). Vegetation of the Earth and Ecological Systems of the
Geobiosphere. Springer, New York, USA.

Watkinson, A. R. & White, J. (1986). Some life-history consequences of modular
construction in plants. Philosophical Transactions of Royal Society London B,
313, 31-51.

Watson, M. A. & Casper, B. B. (1984). Morphogenetic constraints on patterns of
carbon distribution in plants. Annual Reviews of Ecology and Systematics, 15;
233-58.

Wedin, D. A. (1995). Species, nitrogen, and grassland dynamics: The constraints
of stuff. In Linking Species and Ecosystems, ed. C. G Jones & J. H. Lawton,
pp. 253-62. Chapman and Hall, New York, USA.

Wedin, D. & Tilman, D. (1993). Competition among grasses along a nitrogen
gradient: Initial conditions and mechanisms of competition. Ecological
Monaographs, 63, 199-229.

Welker, J. M. & Briske, D. D. (1992). Clonal biology of the temperate, caespitose,
graminoid Schizachyrium scoparium: A synthesis with reference to climate
change. Oikos, 63, 357-65.

Welker, J. M., Briske, D. D. & Weaver, R. W. (1987). Nitrogen-15 partitioning
within a three generation tiller sequence of the bunchgrass Schizachyrium
scoparium: Response to selective defoliation. Qecologia, 74, 330-4.

Welker, J. M., Briske, D. D. & Weaver, R. W. (1991). Intraclonal nitrogen




Clonal biology of caespitose grasses 135

allocation in the bunchgrass Schizachyrium scoparium: An assessment of the
- physiological individual. Functional Ecology, 5, 433-40.

West, N. E., Rea, K. H. & Harniss, R. O. (1979). Plant demographic studies in
sagebrush-grass communities of southeastern Idaho. Ecology, 60, 376-88.

White, J. (1979). The plant as a metapopulation. Annual Reviews of Ecology and
Systematics, 10, 109-45.

Wilhalm, T. (1995). A comparative study of clonal fragmentation in tussock-
forming grasses. In Clonality in Plant Communities, ed. B. Oborny & J.
Podani, Proceedings of the 4th International workshop on clonal plants.
Abstracta Botanica, 19.

Williams, D. G. & Briske, D. D. (1991). Size and ecological significance of the
physiological individual in the bunchgrass Schizachyrium scoparium. Oikos,
62, 41-7.

Yanovsky, M. J,, Casal, J. J, Salerno, G. L. & Sanchez, R. A. (1995). Are
phytochrome-mediated effects on leaf growth, carbon partitioning and
extractable sucrose-phosphate synthase activity the mere consequence of
stem-growth responses in light-grown mustard? Journal of Experimental
Botany, 46, 753-7.

Zhukova, L. A. & Ermakova, I. M. (1985). Structure and dynamics of
coenopopulations of some temperate grasses. In The population Structure of
Vegetation ed. J. White, pp. 179-205. Dr W. Junk Publishers, Dordrecht, The
Netherlands.



