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Summary

The effect of competition and artificially created soil heterogeneity was studied in a pot experiment. A tussoklolgtsss,

lanatus, and the rhizomatous sed@arex hartmanii were grown alone and in combination with another tussock dviatisia

caerulea, in homogeneous and heterogeneous soil treatments. The heterogeneous treatment consisted of four compartments, two
nutrient rich and two nutrient poor. In the homogenous treatment total nutrient content was the same as in the heterogeneous
treatment. Soil heterogeneity increadédcaerulea total production, and increas€dhartmanii root:shoot ratio; no effect on

H. lanatus was observed. BotN. caerulea andC. hartmanii were able to place their underground organs preferentially into
nutrient rich patchedM. caerulea and H. lanatus total biomass was lower in the presence of the competohartmanii

responded to competition only by increased allocation to rhizginsaerulea was more affected by competition in the hetero-
geneous environment.

Keywords: Carex hartmanii, foraging,Holcus lanatus, Molinia caerulea, root distribution.

I ntroduction Cahill & Casper 1999 :Einsmann et al. 1999Kleijn

& Groenendael 1999; Fitter et al. 2000;Wije-
Soil heterogeneity affects both growth and competitiinghe & Whigham 2001). Differences in plant
processes in plant communities. The existence of nutrésponse to soil patches depend on different plant re-
ent-rich patches in space and time has been describeduirements (i.e., nutrient, water,, @nd pH require-
several studies (e.glackson & Caldwell 1993; ments) and on the ability of plant species to find and
Ryel et al. 1996 Cain et al. 1999), as well as spatio-exploit soil resources\Veresoglou & Fitter 1984;
temporal variability for non-nutrient soil parameter$ross et al. 1993) or on the ability for retranslocation of
(Jackson & Caldwell 1993). Individual plant species nutrients in stoloniferous plant®@ng et al. 2002). Fur-
differently take advantage of soil heterogeneity by plahermore, foraging speed is an important factor because
cing their organs into preferable placeBir€ch & patches are dynami&[-Shatnawi & Makhadmeh
Hutchings 1994; De Kroon & Hutchings 1995; 2001; Pickett et al. 2000). Plants may effectively
Humphrey & Pyke 1997; Fransen et al. 1998; exploit nutrients by both physiological and morpholo-
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gical root plasticity.Derner & Briske (1999) sug- was retained. All three species coexist in natural condi-

gested that there is no tradeoff between these tions in a wet oligotrophic meadow ne#reské

mechanisms and that they may represent complemtaByckjovice (Czech republic). Thereyl. caerulea is

rather than alternative, foraging strategies. dominant, forming a matrix of dense tussocks. Con-
Experiments including cespitose grasses and otherquently it is the main competitor of the other species.

“phalanx” species (for phalanx-guerrilla theory se€. hartmanii is a typical guerrilla species, forming long

Lovett Doust 1981) demonstrated a foraging abilityunderground rhizomes, and. lanatus is a tussock

of this growth form (e.gFransen et al. 1999, 2001; grass. This study complements the field experiments

Wijesinghe et al. 2001) and showed that root systemzarried at the localityLieps 1999 and references there-

of phalanx plants are able to search for favorable soil). Leps (1999) suggested that species similaivio

patches. After nutrient depletion below a tussock, theaerulea take more advantage M. caerulea removal

phalanx underground strategy, in the sense of overptban do dissimilar ones. This would support the idea that

ducing biomass to obtain competitive superiority, dogsche differentiation (i.e., differences in growth form)

not have any advantage: the roots need to explore nkads to reduced competition.

nutrient resources, outside the depleted zone. ThisVife aimed to answer the following questions:

especially important for K and P ions, which diffusel. Are plants able to place their roots preferentially into

slowly in soil compared with rates at which roots and nutrient rich patches and does soil heterogeneity lead

microbes can absorb thenRabinson 1994). De to increased plant biomass? Does the ability to do

Kroon & Hutchings (1995) reformulated foraging this differ between species?

concepts and recommended incorporation of the fa2- Is species success in competition affected by soll

aging behavior of shoots and roots into studies of heterogeneity? Is soil heterogeneity advantageous

foraging strategies of clonal plants. for guerrilla speciesd. hartmanii), where high pre-
Although many experiments have investigated cision is expecteddampbell et al. 1991), or for the

foraging of numerous plant species in heterogeneousdominant phalanx species (as follows friveiner

environments, the overwhelming majority of these stu- et al. 1997)?

dies did not include the competition effect. The feV8. Is the investment into rhizomesGnhartmanii posi-

studies dealing with the effect of soil heterogeneity on tively affected by competition? Is the plant able to

competition suggest that different foraging behaviors in selectively place its rhizomes into nutrient-rich

heterogeneous soil environments can separate plantpatches?

niches and change the relative competitive ability of

individual plant speciesS¢hwinning & Weiner 1998;

Cahill & Casper 1999;Fransen et al. 2001)Weiner N aterials and methods

et al. (1997) suggested that soil heterogeneity can

increase competition asymmetry between large a% . .

small plants due to the ability of large plants to reach astUdy Site and Species

usurp nutrient rich patches. This hypothesis was ex-

perimentally supported by deransen et al. (2001). The plants for the experiment were collected at our experi-

Alternatively, Campbell et al. (1991) proposed thatMental site Ohrazeni, an oligotrophic meadow 10 km south-

dominant species with large root systems tend to be | ;toggsﬁf guséllo"\'/\‘/:ﬁércezﬁlceh Eggﬂbgﬁnﬁil 5;re'\(':’i pﬁtdfat?c?n S

selective in pla_cmg their roots into nutrient rich patch N0—650 mm. mean annual temperature is 7.BFCaerulea

than species with smaller root systems and described

. . o " the dominant species, ahd lanatus andC. hartmanii are
dominant species as “high scale” foragers and the SyRs major species at the locality.

ordinate species as “high precision” foragers. According |ndividual growth units oM. caerulea, C. hartmanii and

to this hypothesis there is a tradeoff between scale (SiZ€anatus were randomly selected from different plant indi-
of root system) and precision of root allocation inteiduals on a study field, where the species coexist in nature.
nutrient rich patches. This hypothesis was recenth. caerulea andH. lanatus (Poaceae) are perennial non-rhi-
supported byVijesinghe et al. (2001). However, all of zomatous tufted grassed. caerulea is domi.nant in several_
these authors point to the insufficient number of expeNegetation typesTaylor et al. 2001), including the vegetati-

mental studies that deal with heterogeneity effects @R Of our study site, where it reaches up to 50% cover, and in
competitive ability of individual plant species. samples taken in June 2000 constituted up to 30% of biomass.
Carex hartmanii is a perennial rhizomatous sedge, penetrating

In our experiment, two species with different groWﬂ\]/egetation by long rhizome®g¢stal 1989); in our locality,

strategiesQarex hartmanii Cajand. andHolcuslanatus  he plant is able to form rhizomes over 0.5 m Idfganatus
L.) were grown alone and withlolinia caerulea (L.)  cover increased in our study site afiércaerulea had been
Moench as a competitor, both in homogeneous aagperimentally removed, but the reactiorCohartmanii was
heterogeneous soil, where the overall nutrient contemdgligible Ceps 1999 and unpublished data).
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Experimental design

and H. lanatus from different individual plants were
transplanted into plastic pots (19 erh9 cm, 15 cm deep) at
the end of April 2001H. lanatus at early May), and placed in
a greenhouse (Fig. 1). The non-competitive pots contained = v 1 v
unit, the competitive two units, each belonging to differe 1

species. This corresponds to the simplified target-neigh! 1

design Gibson et al. 1999 Goldberg & Landa 1991). The _ -

transplanted units consisted of two interconnected basal in
nodes irM. caerulea, of two interconnected shoots@fhart-
manii, or one shoot ofl. lanatus. Weight of each individual

unit including its roots was estimated before planting usingjy 1. The experimental design. Both heterogeneous (left)
cah_bratl_on (to avoid cleaning of roots o_f tillers to _be planted)_and homogeneous (right) treatments were performed in squa-
Calibration was based on the regression of weight on easjly 19x 19 cm pots. I, I, 11l IV-sector numberg. The place,
nondestructively measurable characters (shoot height \ffhere one growth unit dfl. caerulea in plant combinations

C. hartmanii and H. lanatus, height of basal internodes in 1 4 and 5 was plantefl. The place, where one growth unit of
M. caerule) in an extra “training sets” of growth units of .y |anatus(combination 3 and 5) or one growth uniGhart-

individual species. manii (combination 2 and 4) was planted (for plant combina-

Pots were divided into two soil treatments, heterogeneoysy, see Table 1). Note, that for the monospecific combinati-
and homogeneous. The overall nutrient content in both trégls 1, 2 and 3, one of the positions remained empty.

ments was retained. In the heterogeneous treatment, each pot

was divided into four patches (sectors) of two types: the

nutrient-rich patches contained a mix of garden humus and o

peat in proportion 2:1 (N total = 12,5 g/kg, P total = 1207able 1. Numb_er c_)f pots analyzed in |nd|V|duaI__treatments
mg/kg, pH = 5.47), nutrient-poor patches contained only safdid plant combinations. M. caerulea, C-C. hartmanii, H-H.

(N total<0.2 g/kg, P total<6 mg/kg, pH =6.04). Thelanatus.

:
Randomly selected growth unitsMf caerulea, C. hartmanii I H -1’ [

!

L]

‘

L Mema eal L S B Bifwad wndl

homogeneous treatment was composed of garden humus, R€Ghbination  Plant Heterogeneous ~ Homogeneous
and sand in the proportion 2:1:3 (Fig. 1). Five species combi- species  soil soil
nations (each species alone, dhdccaerulea with each of the
other species) were combined with the two soil-treatments. M 8 8
Each of combinations was replicated at least five times C 7 8
(Table 1). 3 H 5 5
In the middle of August 2001 aboveground biomass wag M*C 7 8
harvested, dried and weighed and number of shoots recordgd; M*H 8 8

root biomass of each species was collected separately in eaeh
sector, remnants of soil was washed out carefully, and the roots
were dried and weighed. The roots were mostly still attached
to the aboveground parts. The unattached roots were identified
according to their color and structure, which differs slightly

among the species. Rhizomesohartmanii were also coun- ~ We first analyzed the characteristics of each species. We
ted, dried and weighed separately in each sector. used the Analysis of Covariance (using STATISTICA 5.5,

Anon 1996) to test the effect of heterogeneity and presence of
competitor on total biomass, R:S ratio, and number of shoots.
. Biomass allocation into individual organs (roots, shoots and

Data analysis rhizomes) ofC. hartmanii was analyzed by MANCOVA

(STATISTICA, Anon 1996). Heterogeneity, presence of
In all the analyses, we used the weight of tillers before plantimpmpetitor and interaction were used as predictors and
as a covariate (to account for the possible variability caused pgrcentage allocation into individual organs as dependent
unequal size of tillers at the beginning of the experiment). Alrariables. ANCOVA was used to test differences in allo-
though the effect of the covariate was not significant in all theation to different plant organs.
analyses, in some cases, dropping of the covariate lead tdMVe then analyzed the selective placement of underground
decrease of the significance in the main effects (cleartyrgans into differing sectors of the heterogeneous treatment.
because the covariate was able to account for part of the vafi&is was analyzed by ANCOVA with split-plot design, where
bility in the response, and in this way to decrease the undximus-rich soil versus sand placement was used as a within
plained variation). Because of this, and because the effectpét factor.
covariates could be expected a priori, we decided to keep theData on biomass placement and number of shoots or
covariates in all the models, regardless whether they wetdzomes were log-transformed and square-root transformed
significant or not. respectively to improve normality and homoscedasticity.
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interaction was not significant (MANCOVA, Wilk's

F =0.95, p = 0.563). Biomass allocation to the rhizomes

T . was positively affected by the presence of the competi-

Response of individual plant species to thg, (AF\)NCOVA}j F=5094,p = 0.822). Alocation of bio-

heterogeneity and competition mass to the roots was higher in heterogeneous treatment
(ANCOVA, F =5.49, p =0.027), whereas allocation to

At the end of our experiment plant canopies in the corffleé shoots was higher in homogeneous treatment

petition environment exhibited little overlap. Hence, wéANCOVA, F =9.46, p = 0.005) and in the non-compe-

can reasonably assume that competition was predoive environment (ANCOVA, F=5.23, p =0.031).

nantly underground. This results correspond to significant effect of hetero-

Total biomass production and number of shootd of geneity on R:S ratio of. hartmanii (Table 2, Fig. 3).

caerulea was higher in the heterogeneous soil environ- M. caerulea competition negatively affected the

ment (Table 2). Both total biomass and number of shodtgmber of shoots and total biomass tf lanatus

of M. caerulea were negatively affected by competition(Fig- 4), and the increase in the R:S ratid-otanatus

with C. hartmanii. Competition effect ofS. hartmanii  in the presence ®fl. caeruleawas only marginally sig-

on total biomass of/. caerulea was higher in hetero- nificant (Table 2). There was no significant effect of

geneous environment, and R: S ratid/otaeruleawas heterogeneity on either total biomass or biomass allo-

positively affected by the presence@fhartmanii as a cation ofH. lanatus (Table 2).

competitor (Table 2, Fig. 2). There was no significant

effect of H. lanatus on M. caerulea (Table 2, the non-

significant results are not portrayed in Figures).

There was no effect of either soil heterogeneity dR0Ot placement

competition (ofM. caerulea) on the total biomass pro-

duction and number of shoots@fhartmanii (Table 2). In heterogeneous treatmenit, caerulea andC. hart-

However, both heterogeneity (MANCOVA, Wilk's manii significantly translocated root biomass into nutri-

F=0.74, p=0.029) and competition (MANCOVA, ent rich patches, whereas the root biomas$ tdnatus

Wilk's F = 0.68, p = 0.009) affected. hartmanii bio- was similar in nutrient rich and nutrient poor patches

mass allocation into shoots, rhizomes and roots; théifable 3, Fig. 5). There was no significant effect of pre-

Results

Table 2. Effect of heterogeneity, presence of a competitor and their interaction on biomass, root: shoot ratio (R:S) and number
of shoots of the specidg. caerulea, C. hartmanii andH. lanatus tested by ANCOVA. Symbol * indicates significance level

0.06 < p<0.1. The data on number of shoots was square-root transformed prior to analysis. Initial growth unit weight was used
as a covariate. Superscript + at the significance value means positive effect of heterogeneity or competitor on thedeariable un
consideration, superscript — means negative effect. For replication number see Tab. 1.

Species Dependent Predictors
(competitor) variables
Heterogeneity Competitor Interaction
p F p F p F
M. caerulea
(C. hartmanii) Total biomass 0.0001 19.8759 0.0001 20.8338 0.0237 5.7777
R:S ratio n.s. 0.6545 0.01609 7.5116 n.s. 1.0347
Number of shoots 0.0332 5.0607 0.0000 29.3354 n.s. 2.2371
(H. lanatus) Total biomass 0.00I6 12.3352 n.s. 0.1261 n.s. 0.7405
R:S ratio n.s. 0.0662 n.s. 0.6442 n.s. 0.0007
Number of shoots 0.0007 14.6838 n.s. 0.3662 n.s. 0.0343
C. hartmanii
(M. caerulea) Total biomass n.s. 1.6835 n.s. 0.3515 n.s. 0.5412
R:S ratio 0.0098 7.2852 n.s. 1.8519 n.s. 0.5159
Number of shoots n.s 0.0931 n.s. 1.7419 n.s. 1.5871
H. lanatus
(M. caerulea) Total biomass n.s. 0.7985 0.0413 4.7252 n.s. 2.3468
R:S ratio n.s. 0.9134 n.s.* 3.3540 n.s. 0.0381
Number of shoots n.s. 0.0025 0.0029 11.3357 n.s. 1.2777
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Het. C. Het. NC. Hom. C. Hom NC. Fig 4. Effect of soil treatment and presenc®lotaerulea as

a competitor on total biomass and number of shootd.of
lanatus. Het. — heterogeneous soil treatment, Hom — homoge-

0.46 neous soil treatment, C — competition environment, NC — non-
- competition environment. Statistical analyses are given in
% 0.40 Table 2.
§ 0.34 T
§ 028 . sence of a competitor on root placement of either spe-
g o cies (Table 3)C. hartmanii translocated a significantly
& 022 — @ L higher proportion of root biomass into nutrient-rich
© patches (66.9%) than did. caerulea (62.8%) in the
TS Het NC. Hom. C. Hom. NG. absence of competitor (t-test, t=2.44, p=0.03), but

there was no significant difference in translocation

Fig 2. Effect of soil treatment and presenc€dfartmanii as betweenM. caerulea and C. hartmanii in the presence
a competitor on total biomass, number of shoot and R:S rafio Compétitor (t-test t:.1 02, p = 0.32)

of M. caerulea. Het. — heterogeneous soil treatment, Hom. =
homogeneous soil treatment, C — competition environment
NC — non-competition environment. Statistical analyses are

given in Table 2. Rhizome placement @&. hartmanii

1.2 Both rhizome number and biomass were greater in the

11 nutrient-rich patches (Table 4, Fig.6). Moreover, the
_ 1o presence of a competitor affected the mode of rhizome
5 oo 5 — biomass translocation with preference for nutrient rich
£ os patches stronger in the absence of a competitor (Inter-
S o7 . ° action effect, Table 4, Fig. 6).
% 0.6 J__
2 os L

04 Discussion

03

Het.C. Het. NC. Hom. C. Hom. NC. Both C. hartmanii andM. caerulea roots exhibited for-

Fig 3. Effect of soil treatment and presencéfotaeruleaas 29ing behavior, i.e., they were able to translocate their
a competitor on R:S ratio &. hartmanii. Het. — heteroge- RiOmass into nutrient-rich patches, whereasanatus
neous soil treatment, Hom. — homogeneous soil treatmeflid ot so. Under competition-free conditions, precision
C — competition environment, NC — non-competition envirorforaging byC. hartmanii was higher than by. cae-
ment. Statistical analyses are given in Table 2. rulea. However, in the presence of a competitor, this
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Fig 5. Translocation of root biomassMf caerulea andC. hartmanii into sand (SP) and humus-rich (HRP) patches. Statistical
analysis is given in Table 3. As the competition had no effect on the root placement, the results are pooled for the competi-
tion/without competition treatments.

Table 3. Effect of presence of a competitor on root production and placement (interaction) of studied
species and placement-effect in the heterogeneous treatment (see text). Analyzed by split-plot ana-
lysis of covariance. Initial growth unit weight was used as a covariate. Humus-rich soil versus sand
placement was used as a within plot factor. Symbol * indicates significance lével®<®.1. The

data were log-transformed.

Species Competitor Placement Interaction
P F p F P F
M. caerulea n.s. 1.1936 0.0000 68.3569 n.s. 0.5001
C. hartmanii n.s. 0.0283 0.0000 217.9538 n.s. 0.4710
H. lanatus n.s.* 5.0266 n.s. 1.3491 n.s. 1.7889
difference disappeare#i. lanatus behavior contradic-  In concordance with other studies (&msmann

ted the results dfransen et al. (1999), who found its et al. 1999) we can answer the first question: Plant
ability to utilize both spatial and temporal nutrient patspecies differ in their ability to find and exploit nu-
ches. We assume that the differences were caused by tliént rich patches. Two of the three studied species
ferent experimental design and/or by the very small roekhibited the ability to forage, but only one of them (the
biomass oH. lanatus in our experiment. Moreover the dominant plant, with lower foraging precision) in-
study ofFransen & de Kroon (2001) has shown that creased its total biomass. However, we should be aware
H. lanatusis able to distinguish nutrient-rich patches athat plant success over the studied time interval need not

a high overall level of nutrient availability only. be manifested by an increase in total biomass pro-
Total biomass production was positively affected bguction.
environmental heterogeneity h. caerulea only. Hete- Our study showed tha#l. caerulea is more nega-

rogeneity also affected biomass allocatioimarma- tively affected byC. hartmanii in a heterogeneous than
nii, which, in the heterogeneous environment, investéaa homogenous environment. This might be caused not
more into roots and less into shoots, and showed veargly by increased competition pressure when the resour-
high precision foraging by placing its roots into nutrientees are concentrated into a smaller soil volume, but also
rich patches. It seems thHathartmanii was able to take by increased investment Gf hartmanii into root pro-
advantage of the soil heterogeneous environment Byction in a heterogeneous environment. Moreover, the
increasing its R:S ratio. presence oM. caerulea increased the relative invest-
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Table 4. Effect of presence of a competitor, placement-effect and interaction on rhizome biomass
production and rhizome orientation@arex hartmanii in the heterogeneous treatment. Analyzed by
split-plot analysis of covariance. Humus-rich soil versus sand placement was used as a within plot
factor. Initial growth unit weight was used as a covariate. Rhizome biomass data were log-transfor-
med, and number of rhizomes was square-root transformed prior to analysis. Symbol * indicates
significance level 0B<p <0.1. Superscript +/— at the significance value means positive/negative
effect of competiton or increased amount in the nutrient rich sectors. For replication number see
Tab. 1.

Source _ Competition Placement Interaction
Dependent variable 0 F o F 0 F
Rhizome biomasgs n.s.* 4.6655 0.0001 31.2504 0.0394 5.339
Number of rhizomes 0.0404 5.3914 0.0365 5.5403 n.s. 2.5199

a translocation of rhizomes biomass to the sand or humus-rich soil patches.
b number of rhizomes penetrating to the sector Il (sand) or sector lll (humus-rich soil), see Fig. 1.

14 ment ofC. hartmanii into rhizomes, but did not affect its

1 total biomass. These results correspond to the hypothe-
' sis of Campbell et al. (1991) about the relative advan-
—‘> tage of high precision foraging of subordinate species in
heterogeneous environments. On the other hand, the
08 1T increased biomass of the dominant speliesaerulea
a in a heterogeneous environment shows that this
0.6 o —‘7 s advantage o€. hartmanii may only be temporary. As

1.0

Rhizome biomass (g)

T demonstrated byHumphrey & Pyke (1998), the
competition outcome could change during time. Their
. L study demonstrated a decrease in biomass of guerilla

0.4

02 E Elymus lanceolatus ssp. lanceolatus compared with
1 phalanxE.l. ssp. wawawaiensisin the second year of the
SP.C. SP. NG. HRP. C. HRP NC. experiment. Recentlffransen et al. (2001) demon-
strated a competition shift betweEsstuca rubra and
Anthoxanthum odoratum in a heterogeneous environ-
ment in the second year of their experiment. One
should, however, be aware of the limitations of pot
8 _]' experiments. Under natural conditiois,hartmanii is
able to escape the competition Mblinia caerulea,
because in two years its daughter ramets can reach more
than 0.5 m apart from the mother ramet (and con-
sequently, also from the competitivolinia tussock).
Owing to its long spacer§,. hartmanii is able to forage
on a much larger spatial scae. hartmanii is able to
o T acquire a competitive advantage by rapid investment of
9 roots into nutrient-rich patches, whereas the dominant
M. caerulea, although able to put roots preferentially
| " into nutrient rich patches, does not change its R:S ratio.
The behaviour o€. hartmanii is probably more favor-
SP.C. SP.NC. HRP. C. HRP. NC. able in dynamically changing heterogeneous environ-
Fig 6. Translocation of rhizome biomass®fhartmanii into ments, whereas that M. caeruleain more stable hete-

sand (SP) or humus-rich (HRP) soil patches in competition (£§9€nous environments. Whereas the first part of the
versus non-competition (NC) treatments and number of rhiz&econd question could be unequivocally answered:
mes penetrating to the sand patch (SP) and humus-rich pafémpetition is clearly affected by soil heterogeneity,
(HRP), see Fig. 1. Statistical analyses are given in Table 4. the answer to its second part is less clear. We suppose

0.0

Rhizome number
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that both subordinate guerrilla plants (as suggest@ctknowledgements
by Campbell et al. 1991) and dominants (as suggested

by Weiner et al. 1997) can under certain circumstanry,q research was supported by a grant from Grant agency
ces benefit from soil heterogeneity — probably thervs (no. 1268) and Grant Agency of the Czech Republic
spatial scale and temporal dynamics of the spati@lo. 206/02/0953 and 206/03/H034). We are indebted to Jon
mosaic determines which of them will be more sud. Titus for critical comments and for correcting our English.
cessful.

The third question yielded also unequivocal answer:
Rhizome formation irC. hartmanii is positively affec- References
ted by the presence of a strong competitor, and more rhi-
zomes were placed into favorable locations in the hetg: ., = 1q96). STATISTICA for Windows [Computer
rogeneous treatment. Rhizome foraging behavior (with-" 5 ram manual]. Stat Soft, Tulsa, OK.
out the competition effect) has been demonstrated @gfych, C. . D. & Hutchings, M. J. (1994): Exploitation of
several other rhizomatous and stoloniferous species patchily distributed resources by the clonal hetecho-
(e.g., Birch & Hutchings 1994; Kleijn & van ma hederacea. — J. Ecol82: 653—-664.
Groenendael 1999; De Kroon & Knops 1990; Cahill,J. F. & Casper, B. B. (1999): Growth consequences
Salemaa & Sievanen 2002). Our study demonstrated  of soil nutrient heterogeneity for two old-field herbs,
not only a strong effect of heterogeneity, but also an Ambrosia artemisiifolia and Phytolacca americana,
interaction between heterogeneity and competition (see gg‘?"ﬂ‘l |n4d7|\é|dually and in combination. — Ann. Bot.
Fig. 6). Preference for nutrient rich patches was weakgr. - =~ " T ) . .
when the nutrient-rich patches had high root densi in, M. L.; Subler, S.; Evans, J. P. & Fortin, M. J. (1999):

. ) . Sampling spatial and temporal variation in soil nitrogen
of the competitor. Generally, the rhizome biomass was availgtl)ilﬁy. 8 Olecologia18?397l/40l4.l I f nitrog

higher in the presence of competitor in both treatmentSampbell, B. D.; Grime, J. P. & Mackey, J. M. L. (1991):
Without competitor, rhizome biomass in the sand pat- A trade-off between scale and precision in resource for-
ches was much lower than in humus patches, whereas inaging. — Oecologi&7: 532—538.

the presence of the competitor, the difference was cdpe Kroon, H. & Hutchings, M. J. (1995): Morphological
siderably smallerC. hartmanii rhizomes are not only  plasticity in clonal plants: the foraging concept reconsi-
able to differentiate between rich and poor spots in the dered.—J. EcoB3: 143-152.

soil, but this differentiation is also affected by thd® Kroon, H. & Knops, J. (1990): Habitat through morpho-
presence of a competitor. logical plasticity in two chalk grassland perennials. —

o Oikos59: 39-49.
Leps (1999) suggested th&t. lanatus, because of Derner, J. D. & Briske, D. D. (1999): Does a tradeoff exist

its similarity to M. caerulea, increased in cover after ~ popween morphological and physiological root plasticity ?
M. caerulearemo_val. This suggestion is consistent with  a comparison of grass growth forms. — Acta Oeg6t.

our results that in contrast @ hartmanii, H. lanatus 519-526.

is more affected by. caereulea (Table 2). Thus, the Dong, M.; During, H. J. & Werger, M. J. A. (2002): Root
result is consistent with the idea of increased competi- and shoot plasticity of the stoloniferous héjbiga rep-

tion with increasing species similarity. tans L. planted in a heterogeneous environment. — Flora

For a generalization of this hypothesis more compe- 197:37-46. ~
tition studies with plants of various growth forms arQOStﬁ" f (1389)|' Né"’a I;eten: CdSSR.' [I\IIDethIora of Cze-
required. Pot experiments are necessarily limited in their choslovakia. In Czech.] - Academia, Praha.

. oo o L X insmann, J. C.; Jones, R. H.; Pu, M. & Mitchell, R.J.
ability to mimic natural conditions. This is particularly

) . . 1999): Nutrient foraging traits in 10 co-occurring plant
true for experiments studying effects of spatial hetero- gpecigs of Comrastmg ”f% forms. — J. E&: 609—81%.

geneity. Further studies should include effects of bofy-shatnawi, M. K. J. & Makhadmeh, I. M. (2001): Eco-
temporal and spatial heterogeneity, effects of different physiology of the plant-rhizosphere system. — J. Agron.
patch size and nutrient content and longer time span. Crop Sci.187: 1-9.

Not only biomass allocation, but also physiological anEitter, A.; Hodge, A. & Robinson, D. (2000): Plant respon-
morphological responses of species to the environments se to patchy soils. Intiutchings, M.J.; John, E.A. &
should be investigated. In addition, the creation of expe- StewartA.J. A. (eds.): The ecological consequences of
rimental environments should reflect the field situation gr;(\;g?dnmental heterogeneity. pp. 71-90. — Blackwell,
as far as possible. Neverthelt_ess, even with the IImltaltilFansen, B. & De Kroon, H. (2001): Long-term disadvanta-
ons typical for the pot experiments, the present study

bl d he f ind behavi fund ges of selective root placement: root proliferation and
was able to demonstrate the foraging benhavior of under- gpoot hiomass of two perennial grass species in a 2-year

ground structures d¥lolinia caerulea and Carex hart- experiment. — J. EcoB9: 711-722.
manii (in contrast toHolcus lanatus), and how it is Fransen, B.; De Kroon, H. & Berendse, F. (1998): Root
affected by competition and soil heterogeneity. morphological plasticity and nutrient acquisition of per-

10  FLORA (2004)199



ennial grass species from habitats of different nutrient The dynamics of ramets in contrasting habitats. — J. Ecol.
availability. — Oecologid15: 351—-358. 69: 743-755.

Fransen, B.; Blijjenberg, J. & De Kroon, H. (1999): Root Pickett, S. T. A.; Cadenasso, M. L. & Jones, C. G. (2000):
morphological and physiological plasticity of perennial Generation of heterogeneity by organisms: creation,
grass species and the exploitation of spatial and temporal maintenance and transformation. Hutchings, M. J.,

heterogeneous nutrient patches. — Plant Sil: John, E. A. & Stewart A. J. A. (eds.): The ecological

179-189. consequences of environmental heterogeneity. pp. 33-52.
Fransen, B.; De Kroon, H. & Berendse, F. (2001): Soil — Blackwell, Oxford.

nutrient heterogeneity alters competition between twRBobinson, D. (1994): The responses of plants to non-uniform

perennial grass species. — Ecol®gy 2534—2546. supplies of nutrients. — New Phyt@R7: 635-674.

Gibson, D. J.; Connolly, J.; Hartnett, D. C. & Weiden-  Ryel, R.J.; Caldwell, M. M. & Manwaring, J. H. (1996):
hamer, J. D. (1999): Designs for greenhouse studies of Temporal dynamics of soil spatial heterogeneity in sage-
interactions between plants. — J. E&Jl: 1-16. brush-wheatgrass steppe during a growing season. — Plant

Goldberg, D. E. & Landa, K. (1991): Competitive effect Soil 184: 299-309.
and response: hierarchies and correlated traits in the eadBglemaa, M. & Sievanen, R. (2002): The effect of apical
stages of competition. — J. Ecd@: 1013-1030 dominance on the branching architecturéatostaphy-

Gross, K. L.; Peters, A. & Pregitzer, K. S. (1993): Fine los uva-ursi in four contrasting environments. — Flora
root growth and demographic responses to nutrient 197: 429-442.
patches in four old-field plant species. — Oecol®@fia Schwinning, S. & Weiner, J. (1998): Mechanisms determi-
61-64. ning the degree of size asymmetry in competition among

Humphrey, L. D. & Pyke, D. A. (1997): Clonal foraging in plants. — Oecologi&l3: 447—-455.
perennial wheatgrasses: a strategy for exploiting patcfiwylor, K.; Rowland, A. P. & Jones, H. E. (2001) :Malinia
soil nutrients. — J. Eco85: 601-610. caerulea L. Moench. — J. EcoB9: 126—144.

Humphrey, L. D. & Pyke, D. A. (1998): Demographic and Veresoglou, D. S. & Fitter, A. H. (1984): Spatial and
growth responses of a guerrilla and a phalanx perennial temporal patterns of growth and nutrient uptake of five
grass in competitive mixtures. — J. E@®8: 854—865. co-existing grasses. — J. Eck: 259-272.

Jackson, R. B. & Caldwell, M. M. (1993): The scale of Weiner, J.; Wright, D. B. & Castro, S. (1997): Symmetry
nutrient heterogeneity around individual plants and its of below-ground competition betwedfochia scoparia
quantification with geostatistics. — Ecology: 612—614. individuals. — Oiko/9: 85-91.

Kleijn, D. & Van Groenendael, J. M. (1999): The exploi- Wijesinghe, D. K. & Whigham, D. F. (2001) : Nutrient fora-
tation of heterogeneity by a clonal plant in habitats with  ging in woodland herbs: a comparison of three species of
contrasting productivity levels. — J. Ec8V.: 873—-884. Uvularia, Liliaceae, with contrasting belowground mor-

Leps, J. (1999): Nutrient status, disturbance and competition: phologies. — Amer. J. Bog3: 1071-1079.
an experimental test of relationships in a wet meadow.Wijesinghe, D. K.; John, E. A.; Beurskens, S. & Hut-

J. Vegetat. Scil0: 219-230. chings, M. J. (2001): Root system size and precision in
Lovett Doust, L. (1981): Population dynamics and local  nutrient foraging: responses to spatial pattern of nutrient
specialization in a clonal perenniénunculus repens. |. supply in six herbaceous species. — J. BBQl972-983.

FLORA (2004)199 11



