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Abstract

Studies of spatial patterns in grassland plant communities have focused on above-ground patterns, ignoring the
fact that in clonal plant communities, such as those found in grasslands, above-ground spatial structure must
reflect below-ground horizontal growth. The present study examines, at both a fine and a coarse spatial scale,
relationships between rhizome and ramet distribution. At the coarse scale, the dominance of species differed be-
tween above- and below-ground; some species dominated only above- or below-ground, and others dominated in
both layers. At the fine scale, a single species’ ramet aggregation above-ground significantly differed from its
rhizome aggregation below-ground, for many species. Even for a given species, quantitative relationships be-
tween above- and below-ground dominance varied among localities. The variation in spatial pattern among spe-
cies can be explained by attributes of clonal growth form, including rhizome size, rhizome origin and pattern of
above-ground ramet aggregation. Using these parameters of clonal growth, four major space occupation patterns
were described for mountain grassland species. For species with a high abundance of evenly distributed rhi-
zomes, ramets either i) reflect rhizome distribution, or ii) do not fully reflect rhizome distribution, but rather are
spatially aggregated, and rhizomes are typically developed below-ground. For species with a low abundance of
rhizomes, ramets either iii) reflect rhizome distribution and rhizomes are typically of above-ground origin, or iv)
do not reflect rhizome distribution and are aggregated only at the growing tips of rhizomes. Spatial correlation
above-ground among species was the same as below-ground for some pairs of species but was significantly dif-
ferent for other pairs.

Introduction mainly at small spatial scales (van der Maarel and

Sykes 1993; Thoérhallsdéttir 1990; Herben et al.

Spatial pattern is one of the most conspicuous
features of plant communities. Spatial arrangement of
plant individuals reflects historical contingencies of
the particular community and thus may shed light on
processes that have operated in the past (Callaghan
1984; Thérhallsdéttir 1990). At the same time, the
spatial pattern of plant individuals constrains their
potential to interact and thus has dynamic conse-
quences on future community interactions (Herben et
al. 2000). Plant community spatial pattern itself is not
static, with recent studies documenting fast dynamics,

1993a).

To date, almost all studies of plant community spa-
tial patterns have paid attention only to above-ground
plant parts. Owing to the scarcity of information on
below-ground processes, we know very little about
the degree to which above-ground spatial patterns
correspond to below-ground patterns (see Casper and
Jackson 1997), and how below-ground structures af-
fect dynamics of above-ground spatial patterns. Fail-
ure to consider below-ground processes can represent
a major oversight, as in many communities such pro-
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cesses are likely to be major determinants of the
community structure and dynamics. For example,
competition for soil resources is often the most im-
portant process accounting for species composition
and dominance (Wilson 1988).

In temperate climates, below-ground structures
(roots, rhizomes, tubers) are often much more persis-
tent than the above-ground plant parts (Palmer 1958;
Klimes et al. 1997; Tamm et al. 2002). Due to short
lifespan of shoots, the final above-ground spatial pat-
tern depends on year-to-year variation in the spatial
position of shoot-producing buds activated on below-
ground structures in a certain year. Thus information
on spatial patterns of rhizomes, their growth, and/or
bud activation can reveal processes directly respon-
sible for above-ground spatial patterns. However,
there is not a one-to-one correspondence between
above- and below-ground spatial patterns, as domi-
nance and spatial correlation of species may differ
dramatically below the soil surface (Antos 1988).

The other dimension contained in the spatial pat-
tern of a community is a history of species interac-
tions. Plant ecologists have described above-ground
spatial correlations among species and have inferred
possible mechanisms of species interactions and co-
existence from them (Zobel et al. 1994; Herben et al.
1993a; Law et al. 1993; van der Maarel and Sykes
1993). Researchers rarely determine whether these
above-ground spatial correlations and the conclusions
drawn from them are consistent with what they might
find below-ground for a given community. Based on
recent studies of roots and above-ground structures
(Pechackova et al. 1999; Titlyanova et al. 1999),
Pechackova et al. (1999) concluded that spatial pat-
terns and processes in root layers and above-ground
parts of a grassland community are partly indepen-
dent of each other. It is very likely that spatial corre-
lations among ramets of different species differ from
correlations among their rhizomes, but there are no
data to support this expectation or show the level of
differences.

Although there is a large body of literature on
physiology and ecology of rhizome growth in clonal
plants (for reviews see van Groenendael and de
Kroon 1990; de Kroon and van Groenendael 1997;
Stuefer et al. 2002), most of the available data come
from garden or greenhouse experiments on single
plants. Very little is known about rhizome spatial pat-
terns or their linkage to above-ground spatial patterns
at the community level in the field.

Parameters of clonal growth have often been
invoked for the interpretation of spatial pattern and its
temporal change in communities of clonal plants
(Thoérhallsdéttir 1990; van der Maarel and Sykes
1993; Herben et al. 1993a; KlimeS 1999). However,
there has never been an attempt to link data for
above-ground spatio-temporal patterns and rhizome
distribution of component species. The aim of this
study, therefore, was to identify to what extent the
above-ground spatio-temporal pattern in a community
of clonal plants can be ascribed to spatial distribution
of rhizomes. A grassland was chosen as the model
community as it is largely dominated by clonal plants.
In addition, most studies dealing with community
spatial pattern have been done in grasslands (see
Herben et al. 1993a; Law et al. 1993; Titlyanova et
al. 1999; van der Maarel and Sykes 1993) and the
major features of spatial and spatio-temporal structure
of these communities have therefore already been de-
scribed.

I attempted to answer the following questions:

1. How closely does community spatial distribution
of ramets match distribution of rhizomes?

2. Are fine-scale correlations among ramets of one
species matched by similar correlations among its
rhizomes?

3. Are there correlations between parameters of spa-
tio-temporal dynamics (ramet longevity, rhizome
origin and vegetative mobility) and species spatial
distribution, considering both above-ground and
below-ground spatial patterns?

4. Do the spatial correlations among species differ
between below-ground and above-ground?

In order to collect data on below-ground structure and
its correlation with above-ground patterns, I took soil
blocks from two grassland communities from which
detailed spatio-temporal data were available from
earlier studies (Herben et al. 1993a,b, 1995 and
1997a,b). 1 recorded above-ground (ramet) occur-
rence at a fine scale, separated all thizome connec-
tions within the soil blocks, identified them to species,
and determined below-ground to above-ground pat-
tern correlations using a variety of autocorrelation
and cross-correlation techniques. In addition, I com-
pared above-ground spatio-temporal dynamics of
these species, known from long-term, fine-scale per-
manent plots (Herben et al. 1993a), to the spatial
structure of their rhizome systems.



Methods
Study sites

The study sites are located in mountain grasslands of
the KrkonoSe Mountains (Czech Republic). Data
were collected at two localities where studies on the
above ground spatio-temporal dynamics (Herben et
al. 1993a,b, 1995 and 1997a,b) and on root distribu-
tion (Pechackova et al. 1999) have been done. The
first site is a species-poor grassland (3 km NW of Pec
pod SnéZkou, latitude 50°41°42” N, longitude
15°42°25”E, altitude approx. 1100 m, slope 8°) with
2-4 species per 10 cm?® and 6-10 species per 2500
cm?. The second site is a species-rich grassland (3.75
km ESE of Pec pod Snézkou, latitude 50°41°28” N,
longitude 15°47°35”E, altitude 880 m a.s.1., slope 5°)
with ca. 4-7 species per 10 cm” and 25-30 species per
2500 cm?. These grasslands were established in about
the 17" century and may now have reached a more-
or-less stable species composition. They have been
maintained by annual mowing and by manuring once
every few years. The species-poor grassland is clas-
sified in the Nardo-Agrostion alliance, and the study
area is situated in a part of the site influenced by ir-
regular mowing and horse grazing. The species-rich
grassland is classified to Polygono-Trisetion. The
species list for both localities, with species codes and
samples in which they occur is in Appendix 1. Spe-
cies nomenclature follows Tutin et al. (1964-80).

Data collection

At each locality, four soil blocks, each 22.5 X 12.5
cm (= 280 cm?) were taken to a depth of 6 cm in
1995, as preliminary studies indicated that rhizomes
have a maximum depth of 6 cm in these two locali-
ties. Before excavation, the above-ground frequencies
of all plant species in the soil blocks area were re-
corded using a grid with a 2.5 X 2.5 cm cell size
(presence/absence of all rooted plants per cell).

A special technique was developed to study the be-
low-ground horizontal separation of plant individuals
and species. Soil cores were excavated and then fixed
using a special needleboard (size of board corre-
sponded to the size of the soil blocks). The needle-
board construction was a modification of the pinboard
method of Schuurman and Goedewaagen (1965) used
for the vertical study of root systems. The needle-
board consisted of a plastic board with 8-cm-long
steel needles fixed perpendicular to it following the
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same grid that was used for the documentation of
above-ground frequencies. After the needleboard was
pushed into the soil surface the bottom layer with fine
roots was removed and the soil was gently washed out
from the surface of this layer with a stream of water.
The complete spatial structure of species-specific rhi-
zome systems of all species was drawn beginning
with the bottom of the soil blocks (at 6 cm depth) and
working up to the soil surface (each finished layer
was cut after recording and next layer was washed).
As a result, each soil blocks was represented by a se-
ries of maps with a square grid (2.5 X 2.5 cm), each
of them corresponding to one “working” layer. The
distance between layers was about 1 cm. The posi-
tions of the rhizome penetration from one layer to the
adjacent one constituted connections between layers.
The diameter of rhizomes was also recorded.

The vector data were created from scanned maps
of the drawn rhizome systems, using the geographic
information system TOPOL (1996). The rhizome sys-
tem of each species was given as a set of coordinates
for each layer, and layers were exactly connected to
each other. These databases of coordinates were con-
nected with “attribute” databases of rhizome diameter
and species identification.

Data analysis in GIS

The rhizome features of individual species were
evaluated from the coordinate and attribute databases
by spatial analysis, using a GIS program, GenaMap
(1995). Rhizome volume was calculated from data on
diameter and length, assuming rhizomes have a cy-
lindrical shape. The total length and volume of rhi-
zomes were calculated for each species for each cell
of the spatial grid in each horizontal layer. This
three-dimensional spatial depiction of rhizomes was
reduced to a horizontal pattern, by collapsing all the
“working” layers to a single layer. The following var-
iables are available for each grid cell: i) presence or
absence of species above-ground and ii) rhizome
length and volume of each species. Data were
recorded in 45 cells per soil blocks. Finally, data for
above-ground and rhizome layers at two different
spatial scales (soil blocks or cell) were obtained for
further analysis. Figure 1 shows a schematic diagram
of one soil blocks and one cell.
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and cross-correlation analyses

Figure 1. Schematic diagram of rhizome data collection at the soil blocks and cell level, and a close-up of three cells, showing the spatial
relations considered in correlation and cross-correlation analysis for ramets, rhizomes, and ramets and rhizomes.

Comparison of diversity in above-ground versus
rhizome layer

Species diversity above-ground and in the rhizome
layer (defined by the length and volume of rhizomes)
was estimated by the Simpson (1949) index of domi-
nance (SI). Simpson’s index was calculated at the soil
blocks (coarse scale) and cell (fine scale) levels. The
average values for each locality were calculated as

SI =73 (ny/N)?

where n; for above-ground at coarse scale is the num-
ber of cells occupied by species i in a soil blocks
(frequency) or at the fine scale its presence/absence
in a cell; for below-ground n; is the sum of the rhi-
zome length (volume) of species i in a soil blocks or

cell; N is the frequency/presence in above-ground or
the sum of the rhizome length (volume) of all species
in a soil blocks (cell). The differences in values of the
Simpson index between variables and localities were
tested with two-tailed t-tests.

Comparison of individual species spatial
distribution in above-ground versus rhizome-layer

First, the frequency, represented by the number of
cells in which individual species occurred above-
ground, was compared with their frequency below-
ground for each community. Then, I used a one-way
ANOVA to compare the length of rhizome of
individual species between cells in which the species
was present above-ground and cells in which they
were absent.
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Table 1. Total rhizome length and rhizome volume in the soil blocks and in the cell. Mean (* S.D.) Simpson index of diversity, given by
length of rhizomes, volume of rhizomes and above-ground frequency per soil blocks, and presence per cell for each locality. At the soil
blocks level, the differences between Simpson index values and between localities were tested by two-tailed t-tests. Significance of t-test is
marked for comparison in columns by letters in superscript (p < 0.05). At the cell level, no t-tests were done because of spatial dependence

of individual cells.

Species-poor community Species-rich community t-test
Per soil blocks n =4 n=4 Comparison in rows
Total rhizome length [cm] 759.02 = 455.16 930.21 * 513.95 p = 0.047
Total rhizome volume [cm?*] 7.99 = 3.04 1527 = 5.00 n.s.
Simpson index
Rhizome length 0.49 = 0.12% 0.25 £ 0.10* p = 0.039
Rhizome volume 0.31 = 0.04* 0.33 * 0.12° n.s.
Above-ground frequency 0.27 * 0.05* 0.20 = 0.07*° n.s
Per cell n = 180 n = 180
Total rhizome length [cm] 16.45 = 1547 20.67 = 15.76
Total rhizome volume [cm?] 0.17 = 0.33 0.34 = 0.27
Simpson index
Rhizome length 0.67 = 0.21 047 = 0.21
Rhizome volume 0.68 = 0.23 0.56 = 0.22
Above-ground presence 0.69 = 0.28 0.58 = 0.29
Number of species below-ground 2.18 £ 0.95 3.81 £ 2.09
Number of species above-ground 1.58 *1.03 2.12 = 1.06

Table 2. Analysis of variance (ANOVA) of species relative abun-
dance at the core level as an effect of species, locality, and place-
ment. The variable placement means that abundance of species was
defined either by ramets or by rhizomes.

Tested variable df MS F P
Placement 1 0.138 2.807  0.099
Locality 1 0.629 12.834  0.001
Species 15 0.380 7.751 0.000
Placement® Locality 1 0.079 1.622  0.208
Placement* Species 15 0.035 0.716  0.759
Locality * Species 8 0.093 1.897  0.076
Placement * Locality 8 0.040 0.811 0.595
* Species

Species contribution to community structure

The dominance of individual species in above-ground
and in rhizome layer for both localities together was
characterized by the average relative abundance (RA)
of individual species in the soil blocks.

where n;; is the frequency in above-ground or the sum

of the rhizome length of species i in soil blocks j; N;
is the frequency in above-ground or the sum of the

rhizome length of all species in a soil blocks (cell) ;.
ANOVA was used to identify the effects of locality,
species and reference to above-ground or rhizomes
(SPSS version 10; ANONYMOUS, 2000).

Multivariate analysis of above-ground versus
below-ground community structure at fine scale

The above- and below-ground community spatial
structure for each locality was characterized by prin-
cipal component analyses (PCA) based on individual
grid cells. The relative abundance of species below-
ground calculated from rhizome lengths and above-
ground calculated from ramet presences in each cell
were used for the analysis. Reference of single case
to individual cores was used as a covariate. Separate
analyses were performed for each locality.

Autocorrelations and cross-correlations of
individual species spatial pattern

Spatial distribution of the rhizomes and the occur-
rence of individual species above-ground were analy-
sed by an index Moran’s I. Moran’s [ is a measure of
spatial autocorrelation of a variable value at a given
spatial position with that same variable moved by a
defined horizontal distance (termed the spatial lag). If
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the value of the Moran’s I is positive at a given spa-
tial lag, it indicates the existence of periodic
structures of the same range as the lag value, whereas
a negative value indicates a negative co-variation at
that scale. Moran’s / can also be used for cross-cor-
relation where the value of one variable at a given
position is correlated with the value of a different
variable at another position (for definition of Moran’s
I see Upton and Fingleton 1985).

Moran’s I was used to analyse above-ground and
rhizome spatial pattern for each species separately
(above-ground autocorrelation A-A and rhizome au-
tocorrelation R-R) and across above-ground and rhi-
zome structures (cross-correlation A-R). Autocorrela-
tion analyses were assessed at spatial lags of 1 and 2
neighborhood cells (1 lag = one cell = 2.5 cm) and
cross-correlation at 0, 1 and 2 spatial lags. The spa-
tial lag 0 means correlation of the same cell but be-
tween two different layers, above-ground and below-
ground. Analyses were conducted for each of the
eight soil blocks separately, but only the mean values
across soil blocks is presented. The significance was
determined using Monte Carlo permutations: i) by
full randomisation for autocorrelations and ii) by to-
roidal shifts, rotation and reflection for cross-correla-
tion; each soil blocks was permuted independently
(Palmer and van der Maarel 1995). The spatial per-
formance of individual species was summarised by
the centred PCA of the correlation matrix of the seven
correlation parameters given by Moran’s values (A-A
lag 1; A-A lag 2; R-R lag 1; R-R lag 2; AR-lag 0;
AR-lag 1 and AR-lag 2).

Relationship of spatial structure and other plant
attributes

The correlation between species spatial pattern (=
autocorrelation and cross-correlation parameters) and
explanatory variables such as ramet longevity (data
from Herben et al. 1993a; in that study authors de-
fined above-ground ramet longevity as “plant mobil-
ity”), rhizome origin (above-ground or below-ground)
and vegetative mobility (=size of rhizome) (Klime$
et al. 1997; data from CLO-PLA1 database http:/ww-
w.butbn.cas.cz/klimes/) was assessed by redundancy
analysis (RDA). RDA is a canonical form of PCA that
identifies major gradients within the set of dependent
variables (Jongman et al. 1995). The significance of
the maximum amount of explained variance was
tested using Monte Carlo permutation tests; each soil
blocks was permuted independently by toroidal shifts,

rotation and reflection (Palmer and van der Maarel
1995). The species growth forms (rhizome origin and
rhizome size) and mobility characteristics are summa-
rized in the Table 3. All multivariate analyses (PCA
and RDA) were done using the program CANOCO
version 4 (ter Braak and Smilauer 1998).

Results

Overall rhizome structure description and
comparison with above-ground

Total rhizome length and volume per cell and total
rhizome volume per soil blocks differed significantly
between the two localities, though overall rhizome
distribution was highly variable between soil blocks
within each site (Table 1). Dominance, defined by
Simpson index, on the coarse spatial scale depended
on which measure of abundance was used (Table 1).
In the species-poor site, the dominance was greatest
(showed more uniform pattern) when assessed by
rhizome length and the least (showed more diverse
pattern) when assessed by above-ground frequency,
although the differences between variables were not
significant. In the species-rich site, dominance was
higher when assessed by rhizome volume than by
rhizome length or above-ground frequency, but these
differences were also not significant. In the compari-
son of localities, the dominance index based on length
was significantly higher for the species-poor grass-
land, whereas the dominance index based on volume
was the same for both grasslands.

At the cell level in the species-poor site, dominance
was similar regardless of measure of abundance used.
In the species-rich site, results were similar to those
for the coarse scale; dominance was significantly
greater when assessed by rhizome volume than by
rhizome length. For more detailed below-ground dis-
tribution of individual species see Appendix 1.

Comparison of individual species’ spatial
distribution in above-ground versus rhizome-layer

Frequency of species’ occurrence in cells differed
among species and localities for above-ground and
rhizome portions (Figure 2). Species like Agrostis
capillaris, Hypericum maculatum, Deschampsia flex-
uosa, Luzula multiflora, Galium pumilum occurred
much more frequently in below-ground than above-
ground. Interestingly, in the species poor community,
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ground. For species abbreviations see Appendix A.

Agrostis capillaris also occurred more frequently be-
low-ground than above-ground. On the other hand,
there were several species that had higher above-
ground frequencies, such as Festuca rubra and Nar-
dus stricta.

At the cell level, all species had the greatest
amounts of rhizomes in cells in which they also pro-
duced ramets above-ground (P = 0.033 for Poa prat-
ensis and P <= 0.001 for other species). Neverthe-
less closer inspection showed species-specific spatial
relationship between rhizomes and ramets (Figure 3).
The species Cardaminopsis halleri, Festuca rubra,
Nardus stricta, and Veronica chamaedrys often
developed ramets where they had rhizomes below-
ground; there were few cells with rhizomes without
ramets above-ground. The species Agrostis capillaris,
Deschampsia flexuosa, Galium pumilum, Hypericum
maculatum, Luzula multiflora, and Poa pratensis had
a lot of cells with rhizomes and ramets above-ground
but also had cells only with rhizomes. In comparison
to other species, Agrostis capillaris, Hypericum

maculatum, and Poa pratensis had many cells with
rhizomes but no ramets above-ground.

Species contribution to community structure

The relative abundance of individual species at the
soil blocks level differed between above-ground and
rhizome layers (Figure 4). The significant effects of
species and locality are shown in Table 2. Three ba-
sic relationships between above-ground and rhizome
relative abundance can be defined. For the first group
of species, above-ground and rhizome abundance did
not differ (Alchemilla sp., Achillea millefolium, Car-
daminopsis halleri, Galium pumilum, Polygonum
bistorta, and Potentilla aurea). The species in the
second group dominated more above-ground (Fes-
tuca rubra, Nardus stricta, and Rumex acetosella).
The last group of species showed higher relative
abundance below-ground (Agrostis capillaris, Des-
champsia flexuosa, Hypericum maculatum, Luzula
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multiflora, Poa pratensis, Trifolium repens, and
Veronica chamaedrys).

Spatial pattern of individual species

The autocorrelation analyses revealed a high positive
and significant spatial autocorrelation of rhizomes at
spatial lag 1 for Achileea millefolium, Alchemilla sp.,
Deschampsia flexuosa, Festuca rubra, Galium pumi-
lum, Hypericum maculatum, Luzula multiflora, Poa
pratensis, Polygonum  bistorta, and Veronica
chamaedrys (for exact values for spatial lags 0 and 1,
see the Appendix 1). The positive significant autocor-
relation of rhizomes at the larger spatial lag 2 was
found only for Hypericum maculatum (Moran’s 1, MI
= 0.27) and was slightly negative for Potentilla au-
rea (MI = 0.05). Significant autocorrelations were
less apparent above-ground; a significant positive au-
tocorrelation at spatial lag 1 was found for species
Deschampsia flexuosa, Festuca rubra, and Galium
pumilum and at spatial lag 2 there was a slightly
negative autocorrelation for Polygonum bistorta (MI
= 0.06). The cross-correlation between rhizomes and
above-ground showed a high spatial correlation at
spatial lag O for species Achileea millefolium,
Alchemilla sp., Deschampsia flexuosa, Hypericum
maculatum, Luzula multiflora, Polygonum bistorta,
Potentilla aurea, and Rumex acetosa; at spatial lag 1
for species Achileea millefolium, Deschampsia flexu-
osa, Hypericum maculatum, and Polygonum bistorta,
and at spatial lag 2 for species Hypericum maculatum
(MI = 0.12). A slightly negative cross-correlation
was revealed at spatial lag 2 for species Potentilla
aurea (MI = 0.05) and Trifolium repens (MI = 0.04).

The principal component analysis of spatial auto-
correlations within above-ground (A) or rhizome (R)
abundances (A-A lag 1, 2 and R-R lag 1, 2) and
cross-correlations between above-ground and rhi-
zome abundance (A-R lag 0, 1, 2) over all species and
soil blocks showed high correlation among these co-
efficients (Figure 5). The first axis (39.6% of the total
variation) had positive loading for all variables; the
second axis (24.3%) had positive loading for the
cross-correlation variables and negative loading for
the autocorrelation variables. The species with simi-
lar projection in PCA were sorted to the same func-
tional group (Table 3) reflecting their common spatial
characteristics. In the first group (upper right quad-
rant) are species (Poa pratensis, Deschampsia flexu-
osa) that showed high autocorrelation of above-
ground and of rhizome spatial pattern over all spatial
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Figure 5. PCA of the individual species’ spatial autocorrelations
and cross-correlations, analysed with seven Moran’s I parameters
as variables. Variables used were autocorrelations of above-ground:
A-Alag 1, A-Alag 2; autocorrelations of rhizomes: R-R lag 1; R-R
lag 2; and cross-correlations between above-ground and rhizomes
AR-lag 0; AR-lag 1 and AR-lag 2. Each point represented a cen-
troid of several correlation values for individual species. Correla-
tion values were obtained from soil blocks in which this species
was present. Scores of Moran’s parameters and means of individual
species scores in the first two PCA axes are shown. For species
abbreviations see Appendix 1.

lags and high cross-correlation between above-
ground and rhizome abundance over all spatial lags.
In the second group (lower right quadrant) are spe-
cies (Hypericum maculatum, Agrostis capillaris,
Veronica chamaedrys) with low cross-correlation be-
tween above-ground and rhizome spatial pattern
mainly at zero spatial lag, and they have high auto-
correlation in above-ground and also high autocorre-
lation of rhizome spatial pattern. In the third group
are species (Cardaminopsis halleri, Galium pumilum,
Achillea millefolium, Trifolium repens) with negative
correlation for all spatial variables over all spatial
lags. In the forth group are species (Ranunculus ac-
ris, Rumex acetosa group, Polygonum bistorta,
Potentilla aurea and Nardus stricta) that showed a
high cross-correlation of rhizome layer and above-
ground at zero spatial lag and a low spatial autocor-
relation in above-ground and also low autocorrelation
in rhizome pattern over all lags. Some species
differed from this general scheme. For example, Nar-
dus stricta from group IV had a high autocorrelation
of above-ground spatial pattern at spatial lag one and
Festuca rubra ssp. rubra from group II had low au-



tocorrelation of above-ground spatial pattern at spa-
tial lag one.

RDA revealed that origin of rhizomes explained
19.7% (p = 0.01), rhizome size 17.6% (p = 0.035)
and ramet longevity 14.2% (p = 0.04) of variance of
species spatial pattern by separate analyses for each
explaining variable. The origin of rhizome and
rhizome size explained 30.4 % of variability (p =
0.01). The ramet longevity was correlated with rhi-
zome origin and rhizome size and did not contribute
to explained variability of species spatial pattern.

Species interactions above-ground versus
below-ground

Species spatial interactions at the cell level differed
between above-ground and below-ground (Figure 6).
However, several pairs of species showed similar
positive or negative spatial relationship in above-
ground and below-ground. Such positive occurrence
was revealed for Deschampsia flexuosa with Veronica
chamaedrys at the species poor site or Hypericum
maculatum with Veronica chamaedrys at the species
rich site. Some species avoided each other above-
ground and below-ground, such as Agrostis capillaris
with Veronica chamaedrys at the species poor site or
Hypericum maculatum and Galium pumilum at the
species rich site. Some species placed rhizomes
together but avoided placing ramets at the same spa-
tial position, such as Deschampsia flexuosa with Fes-
tuca rubra at the species poor site or Agrostis
capillaris with Festuca rubra at the species rich site.
On the other hand, some pairs of species had the op-
posite strategy, such as Poa pratensis with Festuca
rubra at the species poor site or Agrostis capillaris
with Hypericum maculatum at the species rich site;
they placed ramets at the same position but their rhi-
zomes did not overlap in space.

Discussion

Individual species spatial pattern below-ground and
above-ground

Species dominance or rarity above-ground signifi-
cantly differed from that below-ground, and showed
many interesting patterns. Some species dominated
more above-ground, such as Festuca rubra and Nar-
dus stricta. For Festuca, this pattern probably results
from the presence of dense, long-branched above-
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ground trailing shoots with rhizomes developed only
at the bases of these shoots (Serebrjakov and
Serebrjakova 1965). In contrast, there are species that
were dominant below-ground with rare above-ground
shoots, such as Galium pumilum, Agrostis capillaris,
Polygonum bistorta, and Hypericum maculatum.
These species had high proportions of rhizomes with-
out ramets and may even be temporally “invisible”
from above-ground. Such “invisibility” was con-
firmed for Polygonum bistorta, which has a large
number of “sleeping” rhizomes waiting below-ground
for favorable conditions above-ground (Pechackova
and Krahulec 1995). In the grasslands studied, there
were also species with very short, slowly growing
rhizomes that were found at the same spatial position
above-ground and below-ground (Rumex acetosa,
Ranunculus acris, Alchemilla sp., and Achillea mille-
folium).

Space occupation strategies of species

Trends in autocorrelation and cross-correlation pa-
rameters suggest that there are specific space occupa-
tion strategies based on combinations of (i) rhizome
spatial distribution (length of spreading, rhizome
density below-ground) and (ii) ramet distribution
along rhizome length (ramets either aggregated or
evenly distributed). These two spatial traits are likely
to reflect differences in rhizome size (long or short
rhizomes; Klime§ & KlimeSovad 1999), rhizome ori-
gin (rhizome either developed above-ground or
below-ground, and this feature determines where and
when ramets can form; Klime§ & KlimeSova 1999;
see also Serebrjakov and Serebrjakova 1965; van
Groenendael et al. 1996) and processes of interactions
among species and individuals.

In this study I classified species into four distinct
types (Figure 7) of spatial distributions that are cor-
related with rhizome size, rhizome origin and ramet
longevity (Table 3). Group 1 (Poa pratensis, Des-
champsia flexuosa) includes species with high density
of long rhizomes and ramets that occur along the en-
tire length of rhizomes. In this group, above-ground
abundance is a good predictor of rhizome abundance,
although the dominance of species in this group tends
to be higher in the rhizome layer. Such species have
great potential to be dominant in the community be-
cause they successfully occupy space above-ground
and also below-ground. It is important to note that the
tendency to produce dense rhizome systems is a
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Figure 6. PCA of the above- and below-ground community spatial structure for species poor (A) and species rich (B) localities. Relative
abundance of rhizomes and ramets of each species in each cell were used for the analysis. Reference of single case to individual cores was
used as a covariate. Arrows pointing in the same direction indicate a positive spatial correlation of species and arrows of opposite directions
indicate a negative correlation. Arrows that are perpendicular to each other indicate that there is no correlation between species. For species
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Figure 7. Four different species’ spatial patterns based on the re-
sults from the PCA of the autocorrelation and cross-correlation pa-
rameters of individual species. One hypothetical representative
species was drawn for each group of spatial distributions. Linear
objects represent rhizome structures and points represent ramets.
The numbers I-IV correspond to the numbers used for these groups
in the text.
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growth strategy and cannot be confused with rarity or
dominance.

Group II (Hypericum maculatum, Agrostis capil-
laris, Veronica chamaedrys) includes species with
long rhizome systems that densely fill below-ground
space, but with ramets that are aggregated above-
ground and therefore do not predict rhizome distribu-
tion very well. One possible explanation for this
ramet aggregation is that ramets mainly form at the
densely branched youngest parts of rhizomes (Wil-
dova upubl.data). Although rhizomes of different
clonal fragments cross each other below-ground, they
are not able, under competition of other species, to
fill the space evenly by placing the youngest parts of
rhizomes close to each other. They can fill space
evenly under some circumstances; for example, Hy-
pericum maculatum is able to form essentially mono-
specific patches a few meters large in abandoned
mountain grasslands (Krahulec et al. 2001). This
group typically has a below-ground origin of rhi-
zomes and short ramet lifespan. The regular mowing
or grazing maintains these species that invest more in
below-ground than in above-ground parts, and they
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may become dominant after a catastrophic event like
fire when the above-ground parts of vegetation are
killed.

Group Il (Cardaminopsis halleri, Galium pumi-
lum, Achillea millefolium, Trifolium repens) includes
species with medium-sized rhizomes and ramets
placed mainly at the growing tip of rhizomes. Older
parts of rhizomes do not have ramets attached to them
and rhizomes are not densely distributed below-
ground. Therefore their above-ground abundance
does not predict their rhizome distribution well. This
group includes species with rhizomes formed both
above-ground or below-ground and with both low or
high ramet lifespan. Those species could stay for a
long time at one place because of their slow horizon-
tal growth. Those species probably have a very good
start at the beginning of the growing season when
they produce ramets only at the tips of rhizomes, be-
cause their large below-ground rhizome system sup-
ports ramet growth with stored resources.

Group IV (Ranunculus acris, Rumex acetosa
group, Polygonum bistorta, Potentilla aurea and
Nardus stricta) includes species with distant and non-
overlapping short rhizomes, in which ramets showed
exactly the same spatial distribution as rhizomes. This
group typically has an above-ground rhizome origin
and a long ramet lifespan, and ramets stay at the same
place for many years (see Herben et al. 1993a). In this
group, above-ground abundance predicts rhizome
distribution well. Under competitive conditions these
species are probably very successful because they are
very good at maintaining space above-ground and
also below-ground. However, because their growth is
slow (very short rhizome fragments), they have a
lower potential to become dominant in communities
if species of the first group with long faster growing
rhizomes are also present. On the other hand, they can
be dominant species in habitats with intensive below-
ground disturbance like freeze-and-thaw cycles in
cryogenic soils. Examples of such situation are alpine
meadows in KrkonoSe Mts. that occur above the tim-
berline and are dominated by one of those species,
Nardus stricta.

This description of spatial occupation strategies is
relevant for the spatial scale used in this study. Plac-
ing a species with long non-overlapping rhizomes,
such as Achillea millefolium from this study, into one
of the above mentioned categories could be confus-
ing. The occupation strategy of this species, with low
correlation between above-ground and below-ground,
is between groups II and III. This species produces
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very long rhizomes, but their growth can be limited
by environmental conditions or can even differ
between genotypes (Warwick and Briggs 1980;
Bourdot et al.1985). The specific scale used in this
study revealed the spatial distribution of Achillea
millefolium only as several shorter fragments that
could represent either entire plants or fragments of
longer rhizomes.

While definitions of these groups are perhaps quite
general, however, assignment of individual species to
them is likely to be valid for the particular study sys-
tem. Individual species may fall into different spatial
occupation patterns under different conditions. There
are examples of this even in the studied grasslands
after a parts of them were abandoned; nitrogen-
dependent species that have very different growth
forms, such as Polygonum bistorta (short rhizomes,
annual ramets), Hypericum maculatum (long rhi-
zomes, annual ramets), or Deschampsia cespitosa
(tussock, persistent ramets) began to dominate both
above-ground and below-ground and completely
change the spatial structure of the grassland
(Pechdckova & Krahulec 1995; Krahulec et al. 2001).

Species spatial interactions above-ground versus
below-ground

In the rhizome layer, higher numbers of species oc-
curred together at the small spatial scale than above-
ground. Rhizomes densely filled the rhizome layer
and the amount of rhizomes increased with species
richness of the community. The most fascinating dif-
ferences in spatial arrangement of species were found
at the fine spatial scale. Inter-species spatial aggrega-
tion differed between above-ground and below-
ground (Figure 8).

There were two types of spatial interactions with
similar inter-species aggregation above-ground and
below-ground. The first type represents species that
avoided each other even at fine scale, whereas the
second type of species spatially overlapped at a very
fine scale. Two other spatial arrangements emerged,
one in which two species overlapped in the rhizome
layer but spatially avoided each other above-ground,
and one in which two species placed ramets together
but their rhizomes did not spatially overlap. What
processes and interactions can produce such spatial
patterns? The first two types of spatial aggregation
could be a result of dominance and rarity of
individual species.

(A) (B)

©) (D)

TN

Figure 8. Four fine-scale inter species spatial interaction patterns
drawn from bird’s-eye perspective for two species. Linear objects
represent rhizome structures and points represent ramets. (A)
Ramets of two species occur together and their rhizomes overlap;
(B) Ramets and rhizomes of two species do not occur together; (C)
Rhizomes of two species overlap but ramets are spatially
segregated; (D) Rhizomes of two species do not overlap but ramets
are spatially aggregated.

The spatial aggregation of species pairs that differ
between above-ground and below-ground brings an
entirely new view on species interactions. Deschamp-
sia flexuosa with Festuca rubra or Agrostis capillaris
with Festuca rubra showed overlapping below-
ground but avoidance above-ground. Festuca is a
species with dense tussocks of above-ground shoots
and thin rhizomes that grow essentially on the soil
surface. Both species, Deschampsia and Agrostis, that
avoided Festuca in above-ground have more loose
shoots and very long rhizomes. Rhizomes of Des-
champsia grow on the surface and rhizome of Agros-
tis can grow deep under the surface. One possible
scenario could be that long rhizomatous species avoid
placing ramets close to the dense tussocks of Festuca
and they use different strategies to do that. Des-
champsia produces long creeping shoots that eventu-
ally become rhizomes, and with which they could
actively avoid of Festuca tussocks. Agrostis produces
below-ground growing rhizomes and could place its
shoots selectively (Macdonald and Lieffers 1993)
outside of Festuca tussocks. Agrostis capillaris
showed opposite phenomenon with Hypericum mac-
ulatum; their ramets appeared at the same place but
rhizomes did not overlap. Those species have large



rhizome systems under the soil surface that could
compete for below-ground space (Wildova unpubl.
data). They may stop horizontal growth of rhizomes
under unfavourable conditions (e.g., when they run
into other dense rhizome structures) and replace it
with vertical growth of above-ground shoots. These
scenarios illustrate possible mechanisms of species
interactions that were not yet considered in the com-
munity ecology of clonal plants.

There is no information on how plants compete in
the rhizome layer. Clonal plants are known to exploit
resource-rich “windows of opportunity” by rhizome
growth only to a limited degree (Stuefer 1996). It is
likely that to some extent rhizomes respond to
changes of light conditions (Palmer 1958; Hutchings
and de Kroon 1994) and they also could compete for
physical space (Wildova unpubl. data). Dense rhi-
zome structures of some species in below-ground can
mirror dense tussocks of clumper species in above-
ground. Species with large and persistent rhizome
systems could have a better chance to develop ramets
in places with good light conditions and could also
suppress vegetative spreading of other species with
slowly growing or short-lived rhizomes.

These findings indicate possible mechanisms of
species interactions that could be tested in the future.
For example, do space occupation strategies of indi-
vidual species change under different environmental
conditions or across different communities? If we un-
derstood the relationship between environmental
conditions and presence of certain occupation strate-
gies, we could use this information to reconstruct the
history of clonal plant communities and even predict
their future development under changed conditions.
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