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Abstract Festuca rubra forms tillers in two different ways: extravaginally and intravaginally. Demography of these
two tiller types was observed in seventeen selected tussocks of Festuca rubra s.s. over four growing seasons. Ex-
travaginal tillers were bigger at birth and on the average produced twice as many daughter tillers per tiller. In general,
the natality and mortality of extravaginal tillers were less regular than that of intravaginal tillers. Overall tillering rate
per tiller was correlated with the density of the surrounding vegetation; mortality, natality and tiller life span were
not. High density of the surrounding vegetation did not result in increased formation of extravaginal tillers. The pro-
portion of the extravaginal tillers was not correlated with the density of the F. rubra tussocks. There is no evidence

for foraging by extravaginal tillers, but they do act as founders of small clusters of tillers.
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In plants with complex branching systems, there is an
intimate relation between the module demography and
morphology/branching system (White, 1979; Waller
and Steingraeber, 1985). In grasses the daughter tillers
are formed in two different ways, viz. within the sheath
of the mother tiller (intravaginally) and outside the
sheath (extravaginally) (Fig. 1). These two branching
modes have important consequences for tussock ar-
chitecture (Stace et al., 1992) and for the ability of the
particular grass species to form mixed swards with
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Fig. 1. Morphology of intravaginal and extravaginal tillers of
Festuca rubra. Mother—mother tiller, intra—intravaginal
daughter tiller, extra—extravaginal daughter tiller.

other species. Prevalence of intravaginal tillers leads to
the formation of dense tussocks, which may behave as
phalanx strategists within a community; extravaginal
tillers represent a more guerrilia type of behaviour,
especially if extravaginally formed branches develop
into rhizomes bearing tillers.

In some grasses, only one mode of tiller formation is
present; other species are able to shift from one mode
to the other. Species able to form both tiller types may
be able to exploit their environment by changing the
proportion of extravaginal tillers. This would constitute
a clear morphogenetic means of foraging for space (de
Kroon and Knops, 1990), but no data are available to
demonstrate its existence.

Surprisingly, effects of the branching system on the
demography of grasses have not been systematically
explored, in spite of widely acknowledged importance
of demographical processes for grass performance
(Danais, 1984; Sydes, 1984; Garnier and Roy, 1988;
Kotanen and Jefferies, 1987; Mitchley, 1988; Butler
and Briske, 1988; Bazely and Jefferies, 1989; J6nsd6t-
tir, 1991). The present study hence attempts to ad-
dress the following problems:

—how do extravaginal and intravaginal tillers differ in
their demography and number of daughter tillers within
a community, and,

—is there any relation between the proportion of ex-
travaginal and intravaginal tillers and the density of the
surrounding vegetation.

As a model species we used Festuca rubra, which is
able to form both types of tillers and in which ex-
travaginal tiller formation is at least partly under envi-
ronmental control (Rytova, 1971; Krahulec et al., un-
publ. data). The demography of both tiller types and its
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effects on the tussock growth are studied in a tradi-
tionally managed mountain meadow.

Material and Methods

1. Study Site
The data were collected in a mountain grassland in the
Krkonose Mts., NW part of the Czech Republic
(Severka settlement, ca. 3 kmn NW of Pec pod Snézkou,
altitude approx. 1100 m above sea level). The growing
season starts in about mid May when snow melts away
{e.g. 10th May in 1988). Mean temperature in the
warmest month (July) was 13.6°C (1988), 13.7°C
(1989). The last month with average temperature
above zero was October. The grassland under study is
managed in the traditional way, i.e. mowed once or
twice a year (depending on the weather) and grazed
late in the autumn. It was manured once in several
years. The grassland is rather species poor, with only
five important species: Anthoxanthum alpinum, Des-
champsia flexuosa, Festuca rubra, Nardus stricta and
Polygonum bistorta. These species always accounted
together for 95% of the total living aboveground bio-
mass. From the phytosociological point of view, the
grassland can be classified into Sileno-Nardetum
pleurozietosum (Nardo-Agrostion alliance, Nardetalia
order, see Krahulec, 1990). Festuca rubra occurs here
in loose tussocks partly mixed with other grasses.
The small scale community structure of the grassland
is rather complex. In a 3 X 3 cm square, there are 1 to 6
species (average 2.1-2.8 depending on the site). The
density of F. rubra tillers in the F. rubra occupied
squares (3xX 3 cm in size) ranges from 1 to 20; aver-
ages for tussocks range from 3.1 to 5.6 (Krahulec et
al., unpubl. data). All F. rubra belongs to the hexaploid
F. rubra s.str., which is capable to form both intra- and
extravaginal shoots.

2. The Species

F. rubra in the widest sense is known to consist of a
hierarchy of types (microspecies, subspecies) with
different degrees of ecological specialization and ploidy
(Markgraf-Dannenberg, 1980). The formation of ex-
travaginal tillers and rhizomes and the extent to which
this process is environmentally controlled are some of
the principal characters distinguishing these types. In
more plastic types, such as hexaploid F. rubra s.s., the
formation of extravaginal tillers is variable and depend-
ent on the environment {Krahulec et al., unpubl. data).
Though there is an ample knowledge of the morphoge-
netic processes of both intra- and extravaginal tiller for-
mation (Rytova, 1972), the factors involved in their
regulation in the field are still not well understood.

3. Data Collection

Seventeen tussocks of F. rubra were selected for the
study. All of them were located in an area of ca. 12X 3
m. The tussocks were selected with a priori require-
ments that (i) there be no F. rubra within a 10 cm radius
to prevent uncertainty in delimiting the tussocks in fur-
ther measurements, and (ii) they have a workable num-
ber of tillers {less than 25 at the beginning).

All tillers within tussocks were marked throughout
the study. Tillers were marked using coloured plastic
rings (2-4 mm in diameter and 3-5 mm in length) mark-
ed with 0-4 notches (to increase the number of com-
binations). These rings were split on one side so that
they could be opened and easily put on grass tillers
from the side; the material was elastic enough to hold
the ring on the tiller over the whole observation period.
The ring was put on the tiller below the insertion of the
lowest leaf blade.

At each recording, the number of leaves and the
length of the longest leaf blade were recorded for each
tiller. These two variables account for 64 % of the total
variation in the tiller mass (Herben et al., 1993). All
green leaves were counted; partially green leaves were
counted if the green part of the blade exceeded 10 mm;
young developing leaves were counted if the length of
the exserted part exceeded 10 mm. Altogether 1251
tillers were observed.

Additional information was collected for newly ap-
peared tillers. Their origin, whether intravaginal and ex-
travaginal, was recorded. All tillers developing under
the leaf sheath of a mature tiller and more or less
parallel with it were considered to be intravaginal; since
seedlings were not observed (unpubl. data), all tillers ap-
pearing in the sward without any obvious connection to
already established tillers were considered extravagi-
nal. This distinction was not difficult to make, since the
sheaths of leaves of mother tillers within which the
daughter tillers developed were generally well preserv-
ed during the short recording intervals. The identity of
the mother tillers of intravaginal tillers was recorded.

Observations started in the spring 1987 and con-
tinued until the summer 1990. Three censuses were
made before the clipping and two to four recordings
afterwards. The first spring census was done approx-
imately ten to fourteen days after the snow had melted
away; the last autumn census was done as late as
possible before the permanent snow cover. Exact dates
of the recordings were: in 1987, 4/6, 25/6, 14/7, 5/8,
29/8, 14/9, 10/11; in 1988, 24/5, 23/6, 9/7, 3/8, 5/9,
12/10; in 1989, 19/5, 15/6, 8/7, 7/92, 4/10; in 1990,
10/5, 15/6, 10/7.

Every year in mid July the tussocks were clipped
together with the vegetation surrounding them, to the
height of 2.5 c¢m, to simulate the traditional mowing of
the grasslands.

In July 1987, the vegetation immediately surroun-
ding the tussocks was recorded. The recording was
made using a 3.3 X 3.3 cm grid established over each
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Table 1. Differences between tillers formed extravaginally and intravaginally. For size difference see Fig. 3.
Intravaginal Extravaginal Test Statistic Signif.

Number of tillers 866 175
Mean life span

{(days) 544" 623" Mantel-Cox 5.41 0.020
Percentage of flowering tillers

17.6 20.8 chi-square 2.06 n.s

Number of daughter tillers

per lifetime 0.39 0.77 Mann-Whitney 5.92 0.0001

1 estimated using the product moment {Kaplan-Meier) estimate.

tussock. The grid was large enough so that each
tussock was surrounded by at least one row of 3.3 X
3.3 cm cells containing no F. rubra tillers. The number
of tillers of all grasses within each cell was counted.
These data were used to express (i) mean density of F.
rubra within celis covering the tussock, (ii) mean densi-
ty of all grasses in these cells , (iii) mean density of all
grasses in the tussock neighbourhood {i.e. in the cells
either covering the tussock or surrounding it).

Standardized size of tillers was calculated as a mean
size (either number of leaves or length of the longest
leaf) divided by the mean for all sterile tillers of that
recording time. Natality and mortality was expressed
as number of newly formed tillers per tiller population
size per unit time. Survivor functions were estimated
using the product limit (Kaplan-Meier, see Dixon, 1991)
method. Differences in survival times between the two
tiller types were tested using the Mantel-Cox statistic
(Dixon, 1991).

Results

1. Demography of Intravaginal and Extravaginal Tillers
Most newly formed tillers were formed intravaginally
(866 out of 1041, 83%). Extravaginal tillers differed
from intravaginal tillers by many of their life history
characteristics (Table 1). The average life span of ex-
travaginal tillers is slightly longer than that of intravagi-
nal tillers; however, the survival of older extravaginal
tillers is considerably longer than the survival of older in-
tavaginal tillers (Fig. 2). The extravaginally formed
tillers were on average bigger at the time of their birth;
the difference is significant both for number of leaves
and length of the longest leaf (Fig. 3.). Tillers formed ex-
travaginally produced almost twice as many daughter
tillers during their lives. In contrast, the rate of flow-
ering does not significantly differ between extravaginal
and intravaginal tillers.

The seasonal pattern of natality of extravaginal tillers
is similar to that of intravaginal tillers, with a maximum

0.8

0.6

0.4

Proportion surviving

0.2

365-730  730-1095
Life span (days)

0-365

Fig. 2. Survivorship of intravaginal and extravaginal t
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Fig. 3. Differences in size measured as (a) leaf length and (b) number of leaves at birth between ex-
travaginal and intravaginal tillers. Spring—tillers born during winter and early spring (recorded as new in the
first spring recording), Summer—tillers born in early summer before mowing. Difference between in-
travaginal and extravaginal tillers is significant using one way ANOVA (**, P<0.01; ***, P<0.001).

in the late spring (Fig. 4). There are two main differ-
ences in this pattern between intravaginal and ex-
travaginal tillers: the proportion of extravaginal tillers is
slightly greater in late summer and autumn (i.e. the
spring peak of natality is weaker); furthermore, the
time courses of natality of both tiller types are different
from one another during the year 1989. The difference
in the time course of natality of extravaginal vs. in-
travaginal tillers is significant (Kolmogorov-Smirnov
two sample test, DN=0.6, £P<0.01).

140

The proportion of intravaginal vs. extravaginal tillers
varied between individual tussocks; intravaginal tillers
accounted from 4 to 38% of the total newly formed
tillers during the observation period.

2. Effects of Surrounding Vegetation

The overall grass density around the F. rubra tussocks
varied from 5.4 to 27.2 tillers/3 X 3 cm square. The
most abundant species occurring together with F. rubra
at the level of the 3 X 3 cm squares was Deschampsia
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Fig. 4. Time course of the relative natality of intravaginal (full line) and extravaginal (dashed line) tillers.
Natality and mortality are standardized per tiller and time period.
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Fig. 5. The relation of the overall density of grass tillers with (a) the proportion of extravaginal tillers (Spear-
man’s R=0.091, P=0.753) and (b) the overall tillering rate (expressed as mean number of daughter tillers
per tiller divided by the life span of the tiller; Spearman’s R=-0.710, P=0.014). Points represent individual
tussocks, bars indicate standard deviations. Only tussocks with more than the average 10 tillers during the

observation are included.

flexuosa, whose density varied from 1.7 to 20.6 tillers/
3x 3 cm square. The qualitative and quantitative spe-
cies composition of surrounding squares did not differ
from the squares with studied F. rubra tillers except for
the absence of F. rubra from the surrounding squares.

The tillering rate of tussocks (expressed as mean
number of daughter tillers per tiller per year) was
negatively correlated with overall grass density (Spear-
man R=—0.71, P=0.014, Fig. 5b), but not significant-
ly correlated with the F. rubra density (R=—0.47, P=
0.105). The proportion of extravaginal tillers in the
tussock was not correlated with the mean grass densi-
ty around the tussock (Spearman’s R=0.066, P=
0.79, Fig. ba).

The density of F. rubra (i.e. the compactness of the
F. rubra tussock) ranged from 1.2 to 9.0 tillers per 3 X
3 cm square. It was not correlated with the proportion
of extravaginal tillers (Spearman’s R=0.076, P=
0.76).

Discussion

1. Tussock Structure and Extravaginal vs. Intravagi-
nal Tiller Formation
The extravaginal tillers differ from the intravaginal
tillers in several respects; they are generally more
vigorous than tillers formed intravaginally. Since they
produce more daughter tillers and live longer, they
serve as founders of small clusters of tillers. In this re-
spect they do seem to have a different role from in-
travaginal tillers. Because of these differences, the pro-
portion of extravaginal tillers within a tussocks puts a

constraint on the tiller demography of that tussock.

On the other hand, nothing in the present study in-
dicates the extravaginal tillers behave as foragers for
free space. There is a large variation in the surrounding
vegetation density in the study grassland (spanning
almost one order of magnitude); it has a strong effect
on the overall tillering rate within the tussocks (Fig. 5).
In such conditions, a species with environmentally con-
trolled formation of spacers (i.e. extravaginal tillers)
should increase their formation in denser vegetation. In
contrast to this expectation, there is no relationship be-
tween the proportion of extravaginal tillers in a tussock
and the vegetation density. However, it remains
unclear how the proportion of extravaginal tillers would
change in stands with experimentally manipulated den-
sity, especially at much lower densities than in this
study.

The large variation in proportion of extravaginal tillers
could have two (not necessarily exclusive) explana-
tions. (i) The measure of density employed here may
not be adequate to describe the environments of in-
dividual tillers within a tussock. The 3 X 3 cm scale may
be too coarse to detect within tussocks regulation. In
addition, calculating the averages for tussocks may
smooth out the data. {ii} There may be a genetic compo-
nent to the differences in extravaginal tiller formation
between individual tussocks. This question cannot be
solved using the present data set. From the taxonomic
point of view, all tussocks belong to the same taxon;
however, given the large variation between clones with-
in one grassland (Skélova and Krahulec, 1992), the ge-
netic differences between tussocks cannot be ruled
out. Preliminary data indicate that each tussock
belongs to a separate genotype except tussock 2and 3
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(Suzuki et al., unpubl. data).

The compactness of the tussocks of F. rubra is often
supposed to be due to the proportion of extravaginal
tillers and rhizomes. Culture experiments comparing
several taxa with contrasting morphology showed that
the proportion of extravaginal tillers indeed is a crucial
factor in density determination (Krahulec et al., unpubl.
data). Clones with a high proportion of extravaginal
tillers generally have low final tiller density in the
tussock. In our study, however, the compactness of
the tussock (i.e. the mean density of F. rubra tillers) is
not related to the proportion of extravaginal and in-
travaginal tillers in spite of the large variation in this pa-
rameter. The absence of correlation shows that the
spatial structure of the vegetation is not related to the
demographic processes within the tussock.

The potential number of daughter tillers is limited by
the number of buds, which is equal to the number of
formed leaves. In the studied grassland, the average
tiller forms approximately 3.5-4.5 leaves per year (Ha-
jek, 1989); since fewer than one intravaginal daughter
tiller is produced per tiller per year (0.586), the ratio of
developing to dormant buds is about 0.1 to 0.2. This in-
dicates a strong suppression of tiller formation in the
grassland, which makes most of the buds dormant and
available for later formation of extravaginal tillers and/
or regeneration.

In addition to their morphological differences, ex-
travaginal and intravaginali tillers also differ in the tim-
ing of their development. The spring peak of in-
travaginal tiller formation corresponds to the period of
intense growth in spring and is a well known phenome-
non (Rabotnov, 1985; Colvill and Marshall, 1984:
Butler and Briske, 1988). Whereas intravaginal tillers
develop sylleptically (i.e. at the same time as the grow-
ing terminal bud), the extravaginal tillers develop from
dormant buds after a considerable delay (Rytova,
1971). The lower regularity of extravaginal tiller forma-
tion observed in the present study may indicate that
the activation of these dormant buds responds to differ-
ent and more variable stimuli than the formation of
sylleptic intravaginal tillers. This is supported by other
observations available (Serebrjakova, 1973; Hjjek,
1989).

Conclusions

Intravaginal and extravaginal tillers do behave differ-
ently in the field grown tussocks of F. rubra. If the func-
tional differences between tillers of different origin are
more widespread in other grass species, this would con-
stitute an important component of the regulation of the
grass growth form and its growth dynamics.

Acknowledgments Our thanks are due to Véaclav and the late

Marie Luczkovi for the possibility to work on their grasslands
and for their generous support during the whole study. Several
people, namely Eduard Brabec, Zuzana Fialové4, Sylvie Kett-
nerova, Pauletta Kotrbova, Jifi Liska, Katka Macurova,
Romana Stfelakov4, and Mirek Skoda helped us with the field
recordings. Eduard Brabec also adapted his FYT program for
entering this particular data set. Jan van Groenendael helped
us very much in shaping this paper. Logistic support was pro-
vided by Petr Lev, Véclav and the late Marie Luczkovi, Fran-
tisek Lang, Jan Hancil and the Krkonose National Park Ad-
ministration. This research was partly funded by the CSAV
grant no. 60555. The comments of two anonymous reviewers
on the first version of this paper is gratefully acknowledged.

References

Bazely, D.R. and Jefferies, R.L. 1989. Leaf and shoot demog-
raphy of an arctic stoloniferous grass, Puccinellia phry-
ganoides, in response to grazing. J. Ecol. 77: 811-822.

Butler, J.L. and Briske, D.D. 1988. Population structure and
tiller demography of the bunchgrass Schizachyrium scopa-
rium in response to herbivory. Oikos 51: 306-312.

Colvill, K.E. and Marshall, C. 1984. Tiller dynamics and as-
similate partitioning in Lolium perenne with particular
reference to flowering. Ann. Appl. Biol. 104: 543-557.

Danais, M. 1984. Demographie des organes epiges d’une
population d’un vegetal perenne: Carex vesicaria L. Acta
Oecol., Oecol. Gener. 5: 135-150.

Davies, A. and Thomas, H. 1983. Rates of leaf and tiller pro-
duction in young spaced perennial ryegrass plants in relation
to soil temperature and solar radiation. Ann. Bot. 57: 591—
597.

de Kroon, H. and Knops, J. 1990. Habitat exploration
through morphological plasticity in two chalk grassland
perennials. Oikos 59: 39-49.

Dixon, W.J. [ed.] 1992. BMDP Statistical Software Manual.
Univ. of California Press, Berkeley.

Garnier, E. and Roy, J. 1988. Modular and demographic anal-
ysis of plant leaf area in sward and woodland populations of
Dactylis glomerata and Bromus erectus. J. Ecol. 76: 729~
743.

Hajek, A. 1989. The effects of external factors on selected
attributes of vegetative organs in red fescue (in Czech).
MSc. thesis, Charles University, Praha.

Herben, T., Krahulec, F., Hadincov4, V. and Kovafova, M.
1993. Vegetative tiller allometry and biomass relations in
field populations of Festuca rubra. Preslia 65: 163-169.

Hutchings, M.J. and Mogie, M. 1990. The spatial structure
of clonal plants: control and consequences. /n: van Groenen-
dael, J., de Kroon, H. (eds.), Clonal Growth in Plants: Regula-
tion and Function, 57-78, SPB Academic Publishing, The
Hague.

Jonsdéttir, G.A. 1991. Tiller demography in seashore popula-
tions of Agrostis stolonifera, Festuca rubra and Poa irrigata.
J. Veget. Sci. 2: 89-94,

Kotanen, P. and Jefferies, R.L. 1987. The leaf and shoot de-
mography of grazed and ungrazed plants of Carex sub-
spathacea. J. Ecol. 75: 961-975.

Krahulec, F. 1990. Nardo-Agrostion communities in the
Krkonose and West Carpathians Mts. Folia Geobot. Phyto-

NI | -El ectronic Library Service



The Society for the Study of Species Biol ogy

Demography and morphology of Festuca 189

tax. 25: 337-347.

Markgraf-Dannenberg, |. 1980. Festuca. /n: Tutin, T.G. et al.
(eds.), Flora Europaea 5, 125-154, CUP, Cambridge.

Mitchley, J. 1988. Control of relative abundance of peren-
nials in chalk grassland in Southern England. Ill. Shoot
phenology. J. Ecol. 76: 607-616.

Rabotnov, T.A. 1985. The ecology of the grassland plants
{in Russian). Nauka, Moskva.

Rytova, N.G. 1971. The formation of freely growing plants
of meadow grasses. Sel’-choz. Biol. (Moskva) 6: 5632-538.

. 1972. The formation of meadow grasses under
different densities (on the example of red fescue) (in Rus-
sian). Sel’-choz. Biol. (Moskva) 7: 235-239.

Scheiner, S.M. 1988. Population dynamics of an herbaceous
perennial Danthonia spicata during secondary forest succes-
sion. Am. Midl. Nat. 119: 268-281.

Serebrjakova, T.I. 1973. Tiller morphogenesis and life form

Received June 13, 1994. Accepted November 20, 1994.

evolution in grasses (in Russian). Nauka, Moskva.

Skalova, H. and Krahulec, F. 1992. The response of three
Festuca rubra clones to changes in light quality and plant
density. Funct. Ecol. 6: 268-290.

Stace, C.A., Al-Bermani, A.-K.K.A. and Wilkinson, M.J.
1992. The distinction between Festuca ovina L. and
Festuca rubra L. aggregates in the British Isles. Watsonia
19: 107-112.

Sydes, C.L. 1984. A comparative study of leaf demography
in limestone grassland. J. Ecol. 72: 331-345.

Waller, D.M. and Steingraeber, D.A. 1985. Branching and
modular growth: theoretical models and empirical patterns.
In: Jackson, J.B.C., Buss, L.W. and Cook, R.E. (eds.),
Population Biology and Evolution of Clonal Organisms,
225-257, Yale Univ. Press, New Haven.

White, J. 1979. The plant as a metapopulation. Annu. Rev.
Ecol. Syst. 10: 109-146.

NI | -El ectronic Library Service



