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Abstract

Segregation of roots is frequently observed in competing root systems. However, recently, intensified root
growth in response to a neighbouring plant has been described in pot experiments [Gersani M, Brown J S,
O’Brien E E, Maina G M and Abramsky Z 2001. J. Ecol. 89, 660—669]. This paper examines whether
intense root growth towards a neighbour (aggregation) plays a role in competitive interactions between
plant species from open nutrient-poor mid-European sand ecosystems. In a controlled field-competition
experiment, root distribution patterns of intra- and interspecific pairs as well as single control plants of
Corynephorus canescens, Festuca psammophila, Hieracium pilosella, Hypochoeris radicata and Conyza
canadensis were investigated after one growing season. Under intraspecific competition plants tended to
segregate their root systems, while under interspecific competition most species tended to aggregate roots
towards their neighbours even at the expense of root development at the opposite competition-free side of
the target. Preference of a root aggregation strategy over the occupation of competition-free soil in
interspecific competition emphasizes the importance of contesting between individuals in relation to mere
resource acquisition. It is suggested that in the presence of a competitor the plants might use root aggre-
gation as a defensive reaction to maintain a strong competitive response and exclusive access to the
resources of already occupied soil volumes.

Introduction

Competitive interactions are one of the major
forces influencing abundance and distribution of
plant species. Depending on the resource limita-
tions of the respective ecosystem, either above-
or belowground competition is prevalent (Casper
and Jackson, 1997). In early successional stages
of temperate open sand ecosystems, belowground
resources are typically limiting for plant growth
(Boorman, 1982; Weigelt et al., 2005). Mecha-
nisms and traits contributing to belowground
competitive abilities of plants are not yet fully
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understood and a matter of intense debate, par-
ticularly because competitive strength is com-
posed of both, the ability to tolerate neighbours
(competitive response) and the ability to affect
neighbours (competitive effect, Goldberg and
Fleetwood, 1987). For instance, the retention of
resources, especially nutrients (Aerts, 1999) is of
high importance concerning a plant’s competitive
response, while most traits considered to deter-
mine competitive effect in resource-poor habitats
rather emphasize the acquisition of resources.
The extension of a root system (Cahill and Cas-
per, 2000) and its spatial influence (Casper et al.,
2003) as well as root architecture (Fitter et al.,
2002), mycorrhizal symbiosis (Smith and Read,
1997) and root uptake capacities (Caldwell et al.,



102

1985) are traits widely accepted to be determin-
ing for belowground competitive strength (but
see Cahill Jr., 2003b), since their impacts on re-
source acquisition are rather evident. Recently,
the plasticity of root systems seems to increas-
ingly move into the focus of interest: forage
capacities (Bliss et al., 2001; Hutchings et al.,
2003), the importance of plastic responses of spe-
cific root length (SRL) (Huber-Sannwald et al.,
1996) as well as root/shoot ratio or root pro-
liferation (Robinson et al., 1999) are just a few
examples which clearly show the reactivity of
root systems to external influences. As size-sym-
metric division of resources according to the
relative proportion of roots is the principle
underlying most belowground competitive pro-
cesses (Weiner, 1986), a target plant cannot ex-
pect high resource-pay-off for high amounts of
roots produced in the vicinity of an adjacent root
system (Novoplansky and Cohen, 1997; Sachs
et al., 1993). It is therefore not surprising that
roots typically avoid each other (Schenk et al.,
1999). However, recent findings suggest that such
segregative root placement is only one aspect of
possible reactions of roots towards neighbouring
roots: In pot-experiments with intraspecific com-
petition between soybean individuals, Gersani
et al. (2001) showed that the presence of neigh-
bour roots induced and intensified root growth.
Due to space restrictions (McConnaughay and
Bazzaz, 1991) the option of avoidance was lim-
ited, and the authors argued that under these cir-
cumstances the possibility to ‘steal’ resources
from a neighbour encourages additional root
production. Segregation is the well-known phe-
nomenon of roots preferentially growing into
unoccupied soil, thereby avoiding proliferation in
the presence of neighbouring roots. We will call
the opposite phenomenon aggregation. Aggrega-
tion thus means that a plant develops an uneven
root distribution in response to a neighbour,
exhibiting a higher rooting density towards the
neighbour compared to directions without com-
petitive influence. So segregation or aggregation
within a target’s rooting zone can be detected by
comparing the rooting density of the competing
plants in two soil compartments that only differ
in their relative position (proximal or distal) to a
neighbouring plant.

In this paper we investigate the relative
importance of aggregation and segregation under

semi-natural conditions. In a controlled field
experiment we planted intra- and interspecific
pairs of five common plant species from the early
successional stages of mid-European sand ecosys-
tems and examined the following questions by
fractional excavation of their roots after one
growing season

1. Do the species exhibit root segregation or
aggregation patterns in the presence of com-
peting roots?

2. Are the different modes of reaction species-
specific?

3. Which belowground plant traits can be identi-
fied to be responsible for the competitive
strength of the examined species?

Methods
Study site

The experiments were carried out during the
2002 vegetation period on a sandpit near the
University of Bielefeld, Germany where plant
roots were not subjected to any kind of spatial
restrictions. The sand pit is designed to mimic
the natural situation of early successional stages
of mid-European sand ecosystems. It consists of
four chambers of 5x6 m area filled with river
sand of 1.20 m depth. All chambers are sepa-
rately lined with PVC film and contain an effec-
tive draining system. For further details see
Weigelt et al. (2005).

Soil analyses

Soil samples (soil cores from the margin between
three adjacent plots, 15 cm depth, volume:
47 cm®) were taken monthly (June-September).
For each chamber of the sandpit five cores were
taken in a cross pattern covering all parts of the
chamber. Then all five were pooled into one
sample per chamber. CaCl,-extracted (0.01 M)
nitrate and ammonium were analysed with a
continuous flow analyser (FIA-LAB II, MLE
Engineering GmbH,  Germany).  Extract-
able nitrate content varied from 1.19+0.11 mg
NO;5-N kg™! (means+SE for n=4) in June to
2.18+0.13 mg NO5-N kg™' in July. Ammonium
contents were considerably lower, ranging from



0.20+0.002 mg NH; -N kg™' (June) to 0.50+
0.03 mg NH; -N kg™ (September).

Soil water potential of all chambers was con-
tinuously recorded with equitensiometers (EQ2
Delta-T Devices Ltd, UK) in 15 cm soil depth.
The lowest soil water potential was recorded in
July (-31.9 kPa). Typically soil water potentials
barely fell below —25 kPa. The mean value of all
recorded data was —15.4+5.8 kPa (mean £ SD).

Climate

Precipitation, soil water potential, soil tempera-
ture and PFD were monitored by an automatic
weather-station (Campbell Scientific Inc., UK),
next to the sand-pit. Monthly total precipitation
during the course of the experiment was recorded
as follows. April: 67 mm, May: 46 mm, June:
31 mm, July: 143 mm, August: 60 mm, Septem-
ber: 37 mm, October: 110 mm. Soil temperature
was measured with a Pt 100 sensor in 5cm
depth. The highest soil temperature was reached
in July (35.7°C) and the lowest value was
recorded in October (4.0 °C).

Species description and preparation
of experimental plants

Corynephorus canescens (L.) P.B is a bunchgrass
occurring on open sand and is frequently socia-
lised with the perennial rosette species Hieracium
pilosella L. and Hypochoeris radicata L. (both
Asteraceae). With ongoing succession, Festuca
psammophila  (Hack. ex CELAK.) FriTscH a
perennial bunch grass from Eastern Europe
(Pless, 1995) can also emerge at these sites. Cony-
za canadensis (L.) CRONQ. is an annual to bien-
nial Asteracee, which was naturalized to Europe
since 1700. It is nowadays very common in dis-
turbed or ruderal communities and on sandy
soils (Hegi, 1979).

Plants were grown from seeds (Seed sources:
C. canescens, H. pilosella: collections from for-
mer sand-pit plants which were grown from seeds
collected from approximately 20 maternal plants
in a sand dune area near Bielefeld (08°40" E
51°57" N), F. psammophila: Botanical Garden of
GieBlen (Germany), H. radicata: Botanical Gar-
den of Strassburg (Belgium), C. -canadensis:
Botanical Garden of Jena (Germany)), first
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raised in a glasshouse (about 4 weeks) and subse-
quently in a cold frame (2 weeks) and then culti-
vated next to the sand pit for two weeks before
planting. On April 22 and 23, plants were wa-
shed out of the soil (potting-soil-amended sand),
pruned for homogenous size of above- and
belowground plant parts and then planted into
the experimental plots on the sandpit. Mean total
dry weight at planting was measured on repre-
sentative plants (means+SE, n=20) and was
0.043+0.003 g for C. canescens, 0.027+0.002 g
for F. psammophila, 0.114+0.005 g for C. canad-
ensis, 0.090+0.004 g for H. pilosella and
0.111+0.005 g for H. radicata. Although the
forbs showed higher biomass values, their sizes
before drying appeared rather similar to the
grasses.

One experimental plot consisted of a
50x40 cm rectangle with either a pair of plants
in the centre or a single control plant (simple
additive design). Plots were arranged in a brick
pattern directly adjacent to each other without
any soil dividers that could have restricted root
growth. The distance between plants from neigh-
bouring plots was 42 cm within rows or 44 cm
between rows, as plant pairs within one plot
were planted 7.5 cm apart. Plant positions (left
or right hand side) were chosen by random. In
the case of control plants, the neighbouring
space remained unoccupied. The controls and all
possible intra- and interspecific combinations
were planted with 2 replications into each of
the 4 chambers of the pit, resulting in a total
of initially 160 plots for 20 combinations and 8
replicates.

Plant harvest

From October 15 to October 26 five replicates of
each treatment were harvested, i.e. one of each
sandpit chamber plus one additional replicate,
which had been randomly chosen. Aboveground
biomass was cut-off at the soil surface, oven-
dried and weighted. Belowground biomass was
differentially harvested by a modified monolith-
method (Boéhm, 1979; Caldwell and Richards,
1986; Kiicke et al., 1995). The volume of interest
was partitioned into strata consisting of bigger
lateral and smaller central cuboids (Figure 1). To
fix soil and roots in their defined position, an
open steel cube of 30.0x22.5x15.0cm was
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Figure 1. Schematic overview of the partitioning and denomination of the collected soil-cuboids. The stars denote the position of
the target (or control) and (if present) its respective neighbour plant. Lateral spheres are divided into coarse cuboids
(7.5%7.5%7.5 cm); the central sphere is divided into finer cuboids (3.75x7.5x3.75 cm). The two hatched cuboids exemplarily show
a pair of a lateral and a central cuboid as it was typically used for the relative comparisons described in the text.

pushed into the soil. By application of sharp-
ened, one-sided open steel forms (7.5%x7.5x
7.5cm for bigger cuboids and 3.75x7.50x
3.75 cm for smaller cuboids) and sharpened spat-
ulas, defined volumes were cut out of the sand. A
few thicker roots, which were not properly cut by
the steel frames, were thoroughly cut by scissors,
and the resulting parts assigned to the respective
soil cuboids. Roots were immediately washed out
of the cut soil fragments (1 mm steel-sieves) and
stored in water at 4 °C until scanning (Figure 1).

The obtained root samples were further
cleaned from adhering soil particles etc. by twee-
zers and thoroughly spread on a glass recording
tray (Richner et al., 2000), which was then placed
on a flatbed scanner with transparency lighting
system (Snap Scan 1236, AGFA, Belgium). Max-
imum scanning root density as recommended by
Bouma et al. (2000) (0.5 mm root length/mm?
scanner surface) was typically not exceeded.
Scanning was performed with 300 dpi in colour
mode. Root analysis was done with WinRhizo
Pro Software (Version 2002c; Regent Instruments
Inc., Quebec, Canada). Program adjustments
were set to ignore objects smaller than 0.01 cm?®
and discriminate roots from background based
on grey levels with a threshold of 235 as was

found to consistently deliver clear identifications.
Attempts to separate the various root-fragments
according to species proved infeasible.

Data processing and analysis

Having an additive experimental design, the Rel-
ative Neighbour Effect (RNE) was chosen as a
quantitative measure of competitive strength.
RNE is a modification of the relative competitive
intensity (RCI, Wilson and Keddy, 1986) which
is identical to the RCI in the case of competitive
interactions but differs in the case of facilitative
interaction.

RNE — (Pcontrol - Pmix)
X
with X = Peontrol if Peontrol > Pmix; (1)
X = Puix  if Prix > Peontrol

when Ponio 18 the control plant’s performance
while P, is the performance of the target plant
in the competition treatment. The RNE can vary
between -1 and +1, ie. it is symmetric with
respect to zero (Markham and Chanway, 1996).
The performance parameter used in the present



study was aboveground biomass, since, due to
the above described fractionized harvest, plant-
specific root biomass was not available. For plots
with intraspecific pairs, dependencies of samples
were avoided by randomly choosing one plant
from each pair (following Law and Watkinson,
1987). From plots with interspecific pairs, above-
ground biomass of each plant was used for the
calculation of the respective RNE. The competi-
tive response of a certain species was calculated
as mean RNE of that species in all interspecific
treatments irrespective of the neighbour species,
with high RNE values indicating weak competi-
tive performance. Conversely, the competitive ef-
fect of a species was calculated as mean RNE
imposed by that species on the various neigh-
bours. Here high RNE values indicate a strong
competitive performance (Goldberg and Fleet-
wood, 1987).

Unfortunately there was no way to distin-
guish between the roots of the two competing
species in the competition treatments. So all
roots within each cuboid were analysed together
and subsequently related to a calculated theoreti-
cal control value for root area. This theoretical
control was used as the reference corresponding
to the null-hypothesis that neighbouring plants
would not at all affect each other’s root distribu-
tion. It was calculated by simply adding the root
surface area (RSA) data of the control experi-
ments, where the species were grown without a
competitor. In other words: the root surface area
found within the cuboids of the control experi-
ments of the respective species was added accord-
ing to the equation:

. 1 & .
RSA (speciesl;2), = o X Z RSA((speciesl),
i=1

1 n
— RSA ies2). 2
+n X ; SA (species2); (2)

with RSA(speciesl;2)y: Theoretical control for
the root area in a certain cuboid in a certain
species combination calculated according to the
null-hypothesis.

This theoretical control value was then used
as reference value for the interpretation of the
root data from the respective cuboids of the
competition experiment.

For the examination of a neighbour’s influ-
ence on a plant’s horizontal root distribution we

105

used the cuboids in the Target’s domain (see
Figure 1), i.e. for each fine scale stratum the
Target Central cuboid was compared to the
Target Lateral cuboid (see hatched cuboids in
Figure 1), representing one adjacent and one
distal soil sphere with respect to the neighbour
plant. For each stratum, the applied test always
involved a relative comparison between the two
cuboids. The compared values were percent
values calculated as the actual root area in rela-
tion to the above described theoretical control
for Hy:

RSA(speciesl;Z)) 100

Percentagepga [%] = (RSA(Speciesl~ 2)
) 0

(3)

with Percentagersa: Achieved percentage in relation to the
theoretical control. RSA(speciesl;2): Root area actually pres-
ent in a certain cuboid. RSA(speciesl;2)y: root area of the
theoretical control for this cuboid according to the null-
hypothesis.

Due to competition, the values should typi-
cally be below 100%, as the plants in the com-
petitive situation are typically smaller than those
growing without competition. The conducted rel-
ative comparisons between cuboids should be ro-
bust against such a size bias. Higher values in the
Target Lateral cuboid (e.g. 80%) over the Target
Central cuboid (e.g. 60%) are interpreted as seg-
regative root placement. Conversely, higher val-
ues in the Target Central cuboid to the Target
Lateral cuboid indicate aggregation: both values
are reduced in relation to the theoretical control,
but the reduction is less intense in the Target
Central cuboid.

To test for changes in vertical root placement,
percentage values of the four fine strata were
compared. This analysis was restricted to the
Target Central cuboids only, where the intermin-
gling of roots is presumably most intense.

When analysing reactions in root distribution
of individual target species (Figures 5 and 6), we
used all values of that species in interspecific
treatments irrespective of the neighbour species.

Statistical analyses were carried out with
STATISTICA 6.0 (StatSoft, Inc., Tulsa, USA).
To test the influence of species and the influence
of central and lateral soil cuboids, we used
two-way ANOVAs, while paired #-tests were ap-
plied for species-specific comparisons. For other
comparisons one-way ANOVAs with post-hoc
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Fischer LSD-tests were applied. If assumptions
of normality or homogeneity of variances were
not fulfilled, log- or square-root-transformed
data were used instead.

Results
Evaluation of competitive effects and responses

To relate competitive interactions to root distri-
bution and altered root placement, we evaluated
intensity of intra- and interspecific competition
and root distribution in the presence and absence
of neighbours.

Intraspecific competition (Figure 2A) was
quite intense for the two grass species F. psam-
mophila and C. canescens as well as for C. canad-
ensis, while H. pilosella and especially H. radicata
exhibited low net intraspecific competition. Due
to high data variability, differences were not sig-
nificant, though. The interspecific competitive
strength of a species was characterized by its
ability to affect other plants (competitive effect)
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and by the ability to tolerate the influence of
neighbours (competitive response (Goldberg and
Fleetwood, 1987). Figure 2B shows both compo-
nents for the five examined species.

Ranking the five examined species according
to their general competitive effect (Figure 2C),
F. psammophila was found to be the strongest
effect competitor; C. canadensis and C. canescens
and H. radicata showed intermediate effects upon
their various neighbours, while H. pilosella im-
posed no net effect. Most differences were not
significant, which was again mostly due to high
standard errors resulting from pooling the values
of a species from all competition experiments i.e.
from experiments with four different neighbour
species. Nevertheless, this generalized view still
gives a clear overview of competitive abilities,
particularly for the competitive response. As out-
lined in the methods, and in contrast to the RNE
values of the competitive effect, high RNE values
of competitive response represent poor competi-
tive strength. So F. psammophila was found to be
a strong effect — but a poor response-competitor.
The second grass, C. canescens, behaved similarly

b mmmm Competitive Effect
[ Competitive Response

AB f
= 3 2 3 I
I .
g S Q iy T
Q G &)

w

Species

Figure 2. General competitive abilities of the five examined species, expressed as Relative Neighbour Effect RNE calculated from
aboveground biomass (means+ SE for n=25) in (a): intraspecific competition and (b): interspecific competition. Values with the
same letters are not significantly different by ANOVA and Fischer LSD-test (P <0.05): a, b for species comparisons concerning
competitive effect; A, B for species comparisons concerning competitive response.



at a lower RNE level. C. canadensis was a rather
good effect and response competitor, and the val-
ues for H. radicata were within a similar range.
H. pilosella showed both poor competitive effect
and response.

Comparative morphology of control root systems
(without neighbours)

Root distribution patterns

Figure 3 gives detailed information of the verti-
cal and horizontal distribution of roots, which is
needed for the analysis of the impact of competi-
tion on root placement. Concerning the vertical
distribution, F. psammophila displayed high root
area in the top stratum, while the decline with
depth was steep (entire bottom stratum=9.0% of
entire top stratum). C. canadensis showed a gen-
tle decline (bottom stratum=25.9% of top stra-
tum). C. canescens appeared to have a similar
root distribution as F. psammophila, though the
decline with depth (bottom stratum=3.6% of
top stratum) was even stronger.

H. radicata and H. pilosella have small
allorhizous root systems (Kutschera and Lichte-
negger, 1992) with their maximum rooting intensi-
ties in the second stratum. It should be noted that
the species with the highest root area values within
the top stratum (F. psammophila, C. canadensis
and C. canescens) were the species with the stron-
gest general competitive effect (see Figure 2).

Horizontal root distribution

F. psammophila: A high degree of horizontal root
spread was observed in the uppermost stratum as
the roots exhibited comparatively high root areca
values in the neighbour domains (Neighbour Cen-
tral and Neighbour Lateral). This indicates a high
potential for competitive interaction with neigh-
bouring plants. In deeper strata, the horizontal
distance from the tussock was not associated with
reduced root area. C. canadensis: In the first stra-
tum and close to the shoot this species developed
quite high root densities (about 100 cm? per cu-
boid in the target domain) with significantly fewer
roots growing into the neighbour domain. In dee-
per strata, though, root distribution was rather
even across the different spheres.
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C. canescens: This species displayed very high
root densities in the top stratum, with a signifi-
cant decline towards the neighbour domain. Be-
side this, C. canescens showed similar patterns as
F. psammophila, but it is noteworthy that, due to
a steep vertical decline, from the second stratum
downwards the values are lower than those of F.
psammophila. With increasing distance from the
sprout, the root area of H. radicata and H. pilo-
sella declined only smoothly in the first stratum.
In the second and, in the case of H. pilosella,
also in the third stratum, however, the decline
with distance was significant.

Comparative morphology of competing root
systems

Root area within the target domain

To find out whether there are tendencies for hor-
izontal segregation or aggregation in response to
a neighbouring root system, we carried out a
two-way ANOVA to compare the relative chan-
ges (related to the theoretical control) within all
the Target Lateral Spaces and all Target Central
Spaces, with the target species as an additional
factor. Since high root densities were solely
found in the two top strata (data not shown, but
compare Figure 3), the analyses were restricted
to these strata. Two separate analyses were car-
ried out for intraspecific or interspecific combina-
tions, respectively. For none of these analyses
(Table 1) differences between central and lateral
cuboids were significant, but interestingly analy-
ses revealed different tendencies of horizontal
root segregation (in intraspecific combinations)
or aggregation (in interspecific combinations) in
response to the presence of a neighbour: segrega-
tion is represented by a stronger reduction in the
Target Central than in the Target Lateral Space
(intraspecific combinations in stratum 1 and
especially 2), while aggregation is represented by
a stronger reduction in the Target Lateral than
in the Target Central Space (interspecific combi-
nations in both strata). In contrast, there were
significant differences for the influence of the tar-
get species hinting at species specific tendencies
to segregate or to aggregate.

For the interspecific competition experiments
each target-species was examined separately.
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Figure 3. Fine scale distribution of root surface area for the control treatments (means+ SE, n=35). For means of comparison, all
species are assumed to have grown on the left hand side (target domain). ANOVA comparisons and Fischer LSD-test always refer
to one species within one layer. Different letters denote statistically significant differences with a, b, ¢ referring to C. canescens, X,
Y, Z referring to C. canadensis, X, y, z referring to H. pilosella and A, B referring to H. radicata. Items without letters had no

within-layer significances at all.

Figure 4 shows a consistent aggregation of
C. canadensis, C. canescens and H. pilosella in
both examined strata, while F. psammophila
showed no consistent response and H. radicata
rather exhibited segregation.

The fact that H. radicata consistently exhib-
ited root segregation can now be used to
examine whether high percentage values in the
Target Central space can be predominantly attri-
buted to the target plants or whether they are
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Table 1. Overview of analyses concerning the alterations in horizontal root placement of the targets in response to a neighbouring
root system in intra- or interspecific competition, respectively. Displayed percent values are percentages of produced root area in

comparison to the corresponding theoretical control (means + SE).

Type of competition Soil-layer Fine scale cuboid [%] n ANOVA factors
Target Lateral ~ Target Central Cuboid Target species
df F P df F P
Intraspecific 1 68.28 £7.49 66.55+7.01 22 1 0.02 08911 4 3.71 0.0125
Intraspecific 2 75.56 £7.75 67.03+7.37 24 1 049 04840 4 3.93  0.0044
Interspecific 1 79.45+4.35 82.76£4.33 99 1 085 0.3565 4 1.94  0.1049
Interspecific 2 74.02+2.97 77.31+£3.82 99 1 .23 0.2694 4 596  0.0001

the result of the activities of both competitors
(Figure 5).

With H. radicata as the target species, the
Target Space indicates segregation (Figure 5A).
With H. radicata as the neighbour species (Fig-
ure 5SB), the Target Space indicates aggregation.
Thus, since H. radicata generally segregates, the
increase in root area in the target space can be
attributed to the target species.

Vertical segregation and aggregation

Additional to the horizontal dimension, we exam-
ined possible alterations of root placement in the
vertical dimension. For this purpose, the analysis
was restricted to the Target Central Space, where
the root systems overlap and interaction should be
most intense. Nevertheless, neither a segregation-
nor an aggregation-tendency could be identified
when the pooled responses of all target species to
all neighbour species were analysed (data not
shown). Only the target species C. canadensis
showed a clear response of vertical aggregation in
the upper soil strata (Figure 6).

Discussion

Numerous authors point out that, particularly
under field conditions, much too little is known
about belowground processes and still a lot of
things remain to be clarified (e.g. Agrawal, 2003;
Schenk, 2004; Zobel, 2003). Studies like the pres-
ent one, at least showing some clear tendencies,
can hint at so far unexplored interactions and
can in so far be an appropriate way to achieve
some scientific progress in this area.

Segregation or aggregation?

Our results suggest that segregation of roots oc-
curs under intraspecific competition, while aggre-
gation seems to result from the interaction of
different species. In fact, as reviewed by Schenk
et al. (1999) segregation is predominantly,
though not exclusively, documented for intraspe-
cific competition, suggesting that avoiding com-
petition is particularly advantageous among
taxonomically closely related plants. Proximate
factors of segregation are thought to involve at
least two processes, the avoidance of depleted
soil (Bunce et al., 1977; Novoplansky and Co-
hen, 1997; Schenk et al., 1999) and the avoidance
of repressive or toxic root exudates like prunasin
or phloricin (Gur and Cohen, 1989; Inderjit and
Weston, 2003; Webb et al, 1967). However, some
recent papers showed exciting results for roots in
intraspecific competition, which by space restric-
tions were forced to grow together: (i) Gersani
et al. (2001) found that root growth of such com-
peting plants was increased instead of decreased;
(i1) Falik et al. (2003) and Gruntman and Novo-
plansky (2004) could show that such increase was
the stronger the less related (from clonally inte-
grated ramets over genetically identical but di-
vided ramets to genetically different plants) the
competing plants were. The role of self-/non-self
recognition becomes evident here. Root exudates
may play a role as mediators (Bais et al., 2004),
as e.g. soyasaponin 1 could be shown to enhance
root growth of wheat seedlings (Oleszek et al.,
1999) and Falik et al. (2005) could prove a case
where the direction and the redirectioning of root
growth were governed by the roots’ own exu-
dates.
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The present results, pointing towards root
aggregation for interspecific competition corre-
spond nicely with the findings of Falik et al.
(2003) and Gruntman and Novoplansky (2004).
A way of species recognition is necessary for this
behaviour and in fact, several cases of species
recognition in the rhizosphere, also involving
root exudates, have already been documented
(Mahall and Callaway, 1991, 1992). Especially
the case of Pseudoroegneria spicata, increasing

SRL and root-shoot ratio in response to the
presence of Agropyron desertorum but not
to the presence of a conspecific neighbour
(Huber-Sannwald et al. 1996) supports the pres-
ent results and also calls for the involvement of
species recognition. As far as our results are con-
cerned, we can speculate that conspecific neigh-
bours tend to segregate their roots, because the
evenness of the joint root systems would cause
intense scramble competition and, thus, reduced
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fitness. On the other hand, plant individuals from
different species might have good biological rea-
sons to aggregate roots against the competitor,
since it is known that by strong competitive pres-
sure weak neighbours of other species can be
forced to place their roots into less favourable
spheres (Berendse, 1982; McKane et al., 2002).
For the discussion of the biological sense of
aggregation, it is important to note that the
examined interactions were competitive, not
facilitative (Figure 2). Therefore, the possible
existence of favourable micro-sites close to neigh-
bouring roots, involving interactions with mycor-
rhiza (Zobel and Moora, 1997) or hydraulic lift
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(Caldwell et al., 1998) does not seem to be of
major importance. Decreased evaporation from
soil spheres in-between the plants can be ruled
out as well, as the aboveground plant parts sha-
ded only very small parts of the soil surface.
Aggregation might be explained by a state-
ment of d’Antonio and Mahall (1991), who
suggested that plants might proliferate roots with
the intent of directly discouraging intrusions
from other individuals into their own root zone.
Depleted soil can certainly preclude other plants
from profitably foraging there (Novoplansky and
Cohen, 1997), and such a pre-emption is even
more conceivable for plants from different spe-
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cies, typically exhibiting differences in their mor-
phological and physiological traits (Robinson
et al., 1999). Thus, aggregation might also be
looked at as a defensive reaction, as by the
development of high root densities an effective
barrier to foreign roots is formed.

In a pot experiment Gersani et al. (2001),
found an increase in root biomass for competing
root systems. Based on their results they made
some predictions for optimal resource capture
including the importance of the utilization of
unoccupied soil. In the present case aggregation
took place although there was plenty of unoccu-
pied soil space available at the back side of the
target plant (Target’s Free space, Figure 1), so
our plants did not prefer the unoccupied soil,
where neither own nor foreign roots were present,
but rather the occupied soil (Target Central cu-
boids), where interactions with the neighbouring
root system were most intense. This strongly illus-
trates the higher importance of resource contest-
ing (Callaway, 2002) compared to resource
matching (producing roots according to the avail-
ability of resources). Maintaining resources and
‘stealing resources from the neighbour’ (Maina
et al., 2002) seems to be the underlying principle
of such behaviour. In a competitive situation, the
loss of a resource to a neighbour can be of greater
implication than the mere loss to the abiotic sur-
roundings (e.g. leaching (Lundell et al., 2001)).
Thus, depriving a neighbour of resources could be
a rather advantageous strategy (Callaway, 2002).

Species specificity?

If we want to attribute the different root place-
ment patterns to individual species, we need to
show that rooting intensities in the Target Cen-
tral cuboids are mostly caused by the target’s and
not to the neighbour’s root placement. While
there is no way to prove it statistically, we get a
good hint from the case of H. radicata, the
species that showed segregation in the Target’s
domain (see Figure 5). In contrast, when H. radi-
cata was the neighbour species, aggregation was
found in the Target’s domain. In this case at
least, aggregation was found even though the
neighbour could only scarcely place roots in the
Target Central cuboid and we take this as a good
hint that our attribution of aggregational or

segregational behaviour to certain species
(Figures 4 and 6) is valid. Doing so, a tendency
for horizontal aggregation was confirmed for
C. canadensis, C. canescens and H. pilosella. It
should be noted that within the scale of the exam-
ined root traits (root system type, vertical or
lateral spread (Figure 2), root diameter (data not
shown) these species have hardly any common
features. Thus, the ability to aggregate roots was
not correlated with root morphology. Vertically,
only the species C. canadensis showed aggregative
root placement (Figure 6). So in summa a rather
high species specificity of the observed effects can
be stated.

Competitive strength and belowground traits

Trying to find connections between competitive
performance of species and their root traits, we
analysed intra- and interspecific competition as
well as various root traits. Interspecific competi-
tive strength was divided into competitive effect
and competitive response (Goldberg, 1990) and we
found no close connection between these two com-
ponents. This finding is similar to what has been
reported by Keddy et al. (1994), who stress the
importance of investigating the traits connected
with competitive effect and competitive response.
We therefore differentiated between plant traits
conferring advantages in the two components.
Especially for intraspecific competition we found
an apparent link between competitive strength and
the amount of root area formed within the upper
two soil strata by the species’ control plants (see
Figures 2 and 3). This result corresponds with
other competition experiments on nutrient-poor
sandy soil (Weigelt, 2001). A strong relationship
between competitive effect and root system size
has often been shown before (Cahill Jr and Cas-
per, 2000; Caldwell et al., 1996; Purves and Law,
2003), suggesting that high root overlap with the
neighbour is the most important feature, here.

For the competitive response, high root over-
lap with the neighbour might be disadvantageous
(Cahill Jr., 2003a). Concordantly we found neither
a connection of competitive response and root size
nor any other hint from root morphology. On the
other hand we could show that the species with
the strongest competitive response (C. canadensis



and H. radicata) showed the most pronounced
reactions in root placement, when a neighbour
was present. The advantage in the segregation of
H. radicata is certainly the avoidance of depleted
soil (Schenk et al., 1999). For C. canadensis our
interpretation is different: the fact that C. canaden-
sis shows the clearest aggregation in response to a
neighbouring root system and at the same time is
the strongest response-competitor (Figure 2) rein-
forces the above hypothesis that aggregation is
partly a defensive strategy.

Conclusions

Under field-like conditions root-placement altera-
tions in reaction to neighbours are an important
component of the competitive strength of a spe-
cies. Root aggregation towards a neighbour
seems to be an important but up to now mostly
unrecognised phenomenon in this connection.
The fact that it occurs even when unoccupied soil
is available stresses the importance of resource
contesting in comparison to the mere resource
acquisition.
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