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ABSTRACT: Nutrient distribution in natu-
ral habitats is usually patchy in space and time,
however most knowledge about plant growth and
behaviour is based on experiments conducted un-
der spatially homogenous conditions. Evidence
has accumulated that the growth and competitive
interaction of plant species are strongly affected
by heterogeneous rather than homogeneous re-
source distribution, even when the total resource
supply remains similar. For this study it is hy-
pothesized that infestations of grasslands with the
nitrophilous weed Rumex obtusifolius L. (broad-
leaved dock) are partially the consequence of its
ability to exploit spatial nutrient heterogeneity.
This was tested in a full-factorial pot experiment
with homogeneously or heterogeneously distrib-
uted nitrogen and/or potassium at either normal
or increased soil moisture where R. obtusifolius
was grown together with three other grassland
species (grass: Arrhenatherum elatius L., non-le-
guminous herb: Taraxacum officinale Weber, le-
guminous herb: Trifolium repens L.). The species
differed significantly in their root morphology
(root length and diameter, specific root length,
number of root tips) and biomass allocation re-
sponse to nutrient distribution, as well as to the
nutrient type used to create patches and to soil
moisture (e.g., significant species x treatment in-
teractions). Generally, the root system of A. elati-
us showed the highest plasticity to imposed treat-
ments, followed by T. officinale, R. obtusifolius and
T. repens. Unexpectedly, root morphology of R.

obtusifolius was unresponsive to soil heterogene-
ity and less responsive to nutrient type and irriga-
tion than that of the other species. Nutrient type
used to create patches influenced the biomass al-
location to the root system of R. obtusifolius while
nutrient distribution and irrigation showed no ef-
fect on biomass allocation. Exploitation of soil ni-
trate-nitrogen and potassium was similar among
species but exploitation was individually affected
by nutrient type, nutrient distribution and irriga-
tion suggesting that species-specific differences in
nutrient storage capacities in roots or adjustments
regarding root nutrient uptake kinetics may play
an important role. Results from this study show
that R. obtusifolius does not seem to have superior
traits to utilize soil nutrient heterogeneity, certain
nutrient types or higher soil moisture that differ-
entiates it from the other grassland species tested.
The observed effects might have consequences
for the long-term competitive relationships be-
tween species in the grassland community sug-
gesting that cultural and biological management
measures oriented towards the improvement of
the competitive ability of co-occurring grassland
species might also be important in heterogeneous
soils.

KEY WORDS: Arrhenatherum elatius, grass-
land, nutrient patches, resource use, Rumex obtu-
sifolius, soil heterogeneity, Taraxacum officinale,
Trifolium repens, weed ecology
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1. INTRODUCTION

Although nutrient distribution in natu-
ral habitats is usually patchy in space and
time (Jackson and Caldwell 1993, Gross
et al. 1995, Ryel et al. 1996), most knowl-
edge about plant growth and behaviour is
based on experiments conducted under
spatially homogenous conditions. Evidence
has accumulated that growth of plant spe-
cies is strongly affected by heterogeneous
rather than homogeneous resource distri-
bution, even when the total resource supply
remains similar (Farley and Fitter 1999,
Wijesinghe et al. 2001). Spatial heteroge-
neity in nutrients has been shown to affect
placement and growth of leaves and roots,
overall plant growth, the intensity of inter-
plant competition and the yield and struc-
ture of plant populations and communities
(Fransen et al. 2001, Facelli and Facelli
2002, Day et al. 2003a, Day et al. 2003b,
Wijesinghe et al. 2005). Commonly, plants
have developed foraging mechanisms that
enable them to alter their root proliferation
and morphology in response to nutrient en-
richment (Jackson and Caldwell 1989,
Gross et al. 1993, Pregitzer et al. 1993,
Bilbrough and Caldwell 1995) and to in-
crease their nutrient uptake rate per unit root
biomass or length (Robinson and Rori-
son 1983, Jackson and Caldwell 1991,
van Vuuren et al. 1996). Generally, soil re-
source heterogeneity is expected to be most
beneficial to plants in soils of lower fertility
(Reynolds and D’Antonio 1996).

As a result of management practices
like fertilisation or irrigation, distribution
of nutrients in agroecosystems is likely to
be more homogenous than in more natural
ecosystems. Nevertheless in pastures a high
degree of soil nutrient heterogeneity can
be expected given the fact that for instance
cattle grazing at recommended stocking
densities of two ruminants per hectare can
create about 30 nutrient-rich patches within
a single day by their defecating and urinat-
ing activities (J. Zaller, unpublished). Ru-
mex obtusifolius is a troublesome weed in
both grasslands (mainly pastures) and ara-
ble lands and an indicator for excessive soil
nitrogen (e.g., Ellenberg 1986) or potas-
sium concentrations (e.g. Kutschera and
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Sobotik 1985). This species is particularly
successful as a weed because of its ability
to quickly establish from seeds (Cavers
and Harper 1964), its high regenerative
potential (Pino et al. 1995, Zaller 2004a,
Zaller 2006b), possible allelopathic inter-
ference with competitors (Zaller 2006a)
and because it can take up nitrate-nitrogen
more efficiently than other plants (Rehder
1982). However, not much is known on how
R. obtusifolius responds to nutrient patches
and whether different levels of soil mois-
ture can alter this response (Zaller 2004b).
Generally, it is assumed that inherently fast-
growing species display a higher degree of
root morphological plasticity in response to
nutrient enrichment than inherently slow-
growing species from nutrient-poor habitats
(Crick and Grime 1987, Caldwell et al.
1991, Campbell et al. 1991, Fransen et
al. 1998, Robinson and van Vuuren
1998). Therefore, this study tested the abil-
ity of R. obtusifolius as a fast-growing spe-
cies and three other co-occurring perennial
species (grass: Arrhenatherum elatius, non-
leguminous herb: Taraxacum officinale, le-
guminous herb: Trifolium repens) to exploit
and utilise soil patches enriched in nitrogen
or potassium concentration at either nor-
mal or increased irrigation.

The specific objectives of this study were
to test, whether 1) root morphology and bio-
mass allocation of R. obtusifolius in response
to soil nutrient heterogeneity, nutrient types
and soil moisture levels differs from that of
other grassland species and whether 2) spe-
cies of differential functional groups with a
different root system (i.e., tap root vs. adven-
titious root system) show specific response
patterns. These species were chosen because
they are early colonizers of sward gaps in
grassland and often occur in the vicinity of
R. obtusifolius and would thus be directly af-
fected by Rumex’ expansion in grasslands.

2. MATERIAL AND METHODS
2.1. Experimental site and plant material
The experiment was conducted between
November 2002 and June 2003 in a green-

house at the certified organic research farm
of the University of Bonn, Germany.
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Seed material of R. obtusifolius was col-
lected at the research farm in October 2002,
seeds of A. elatius (Poaceae), T. officinale
(Asteraceae) and T. repens (Fabaceae) were
obtained from a commercial supplier (Rieg-
er-Hofmann, Blaufelden-Raboldshausen,
Germany). All seeds were germinated in Pe-
tri-dishes on damp filter paper at controlled
conditions (22°C, 12 hour day/night regime).
When the first leaves developed after coty-
ledons the seedlings were planted into 4-L
plastic pots (diameter 16 cm, height 20 cm)
filled with a soil mixture (see below).

2.2. Creating soil nutrient heterogeneity
and irrigation treatments

Patch fertilization treatments were used
to create a heterogeneous soil environment
in which roots of all four species had to
compete for limited nutrient-rich areas. Pots
were filled with homogenized and sieved
(< 2 mm) sandy-loamy fluvisols obtained
from the top 10 cm of an arable field of the
research farm (C:N ratio = 11.3, P = 6.2 mg
100 g, K = 21.4 mg 100 g, soil bulk den-
sity: 1.4 g cm™). Nutrient patches (diameter 2
cm, depth 10 cm) were created in the centre
of each pot and were made of elastic nylon
mesh material filled with soil enriched either
with Kainite, a natural mineral salt that con-
sists of potassium chloride and magnesium
sulphate (K enrichment), horn powder (N
enrichment) or both (K+N enrichment). For
the treatment with homogenously distributed
nutrients, similar nutrient types and quanti-
ties were homogenously mixed into the soil
mixture used to fill the pots (see Table 1 for
an overview of the nutrient concentrations in
the established treatments). Nutrient levels

approximate conditions after long-term ma-
nure application (Zaller and Kopke 2004)
or nutrient contents under decaying cow pats
(Dickinson and Craig 1990).

One seedling per species was planted as
seedlings in equidistance of 4 cm from the
centre of the pots and had the same neigh-
bouring species in all treatments. Because
of this planting design, it was expected that
roots of different species had an equal chance
in finding and exploring nutrients distribut-
ed in patches. In order to find out how soil
water content might affect plant responses
to nutrient type and heterogeneity, two irri-
gation treatments had been established: for
regular irrigation plants were watered with
tap water when needed, for increased irri-
gation treatments plants received twice the
amount of water at each watering date. Ex-
cessive water from increased irrigation was
collected at the bottom of the pots; therefore
aloss of nutrients from the pots could be pre-
vented and nutrients could be reabsorbed by
plants.

Each treatment was replicated seven
times; pots with different treatments were
randomly distributed on a greenhouse table
and re-arranged once per week to minimise
location effects. The experiment was estab-
lished in November 2002 and lasted for 218
days; by the end of the experiment T. offici-
nale started flowering.

2.3. Harvesting

Experimental pots were destructively
harvested by vertically cutting the soil be-
tween plants into four similar sections. Plants
growing in sections were then separated in
above- and belowground parts to determine

Table 1. Initial nutrient concentrations in soil microsites enriched with potassium (K patch), nitrogen
(N patch) or a combination of both (K+N patch) compared to surrounding soil in pots before planting.

Means + SE, n = 4.

Sampling C N Available P Available K
location % % (mg P kg™) (mgKkg™)

K patch 1.57 £ 0.01 0.07 £0.01 1.39+0.01 189.70 + 3.14

N patch 10.43 £ 0.02 2.76 £ 0.01 2.03+0.27 23.64 £ 0.35

K+N patch 9.51 £0.04 2.45+0.02 36.44 + 1.64 152.16 £2.35
Surround. soil 2.40 +£0.04 0.16 = 0.00 2.44 +0.27 10.29 + 1.1
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Table 3. Root diameter (mm) of Rumex obtusifolius, Arrhenatherum elatius, Taraxacum officinale, and
Trifolium repens that had been grown in soil with homogenous (homog.) and heterogeneous (heterog.)
distribution of potassium (K), nitrogen (N) or both (K+N). Means + SE, n = 7. Abbreviations for
ANOVA results: N-nutrient type (K, N, K+N), ND-nutrient distribution (homog., heterog.), I-irriga-
tion (normal, increased). Bold P-values indicate significant effects.

Nutrient / R. obtusifolius A. elatius T. officinale T. repens
Irrigation ~ homog. heterog. homog. heterog. homog. heterog. homog. heterog.
Normal irrigation
N fertil. 0.40 + 0.46 + 0.56 0.60 + 0.45 + 047 + 0.59 + 0.39 +
0.02 0.07 0.09 0.10 0.01 0.02 0.09 0.01
K fertil. 0.56 + 041 + 0.55 + 0.77 + 0.49 + 0.48 + 0.57 + 0.48 +
0.08 0.02 0.07 0.07 0.08 0.06 0.10 0.09
K+N 0.48 + 0.41 + 0.39 + 0.48 + 0.41 + 0.46 + 0.52 + 0.44 +
fertil. 0.07 0.02 0.01 0.05 0.03 0.03 0.17 0.07
Increased irrigation
N fertil. 041 + 0.40 + 042 + 043 + 047 + 0.50 + 041 + 0.38 +
0.01 0.01 0.01 0.01 0.02 0.08 0.00 0.01
K fertil. 0.39 + 0.46 + 041 + 0.39 + 0.50 + 0.41 + 041 + 0.37 +
0.01 0.06 0.02 0.01 0.06 0.01 0.01 0.01
K+N 0.52 + 0.44 + 0.42 + 0.40 + 0.40 + 0.40 + 0.47 + 0.40 +
fertil. 0.08 0.07 0.01 0.02 0.02 0.02 0.07 0.01
ANOVA N P=0.376 N P=0.009 N P=0.043 N P=0.949
results
ND P=0.227 ND P=0.071 ND P=0.591 ND P=0.025
I P=0.622 I P<0.001 I P =0.907 I P=0.015
NxND P=0355 NxND P=0505 NxND P=0.157 NxND P=0.791
NxI P=0.365 NxI P=0.007 NxI P=0.180 NxI P =0.598
ND x1 P =0.406 ND x1 P=0.032 ND x1 P=0.655 ND x 1 P=0.282

allocation patterns. Only roots that could
clearly be assigned to a plant species were
used for further analyses while roots from
unclear origin were discarded. Roots grow-
ing into the central nutrient patches were
carefully excavated and included in the anal-
yses of the particular plant species. Because
experiments were conducted in an unheated
greenhouse during winter/spring months
with low temperatures above- and below-
ground plant growth was rather low and
therefore only little intermingling of roots
occurred in the soil sections. The shoots of
each plant species were dried at 60°C for 48
hours and weighed. Roots in soil sections
were thoroughly washed free of attached soil
using a 1-mm mesh screen, carefully spread

on a glass tray and digitized using a flatbed
scanner. Root images were then analyzed for
total root length, average root diameter and
number of root tips using image analysis soft-
ware (WinRhizo, Regent Instruments, Que-
bec, Canada). Each root sample was analysed
three times, average measures were used for
further data analysis. After measuring, roots
were dried and weighed. As an indirect mea-
sure of root thickness, specific root length
(SRL) was calculated as the root length per
unit dry weight (m g™).

2.4. Soil nutrients

In order to determine exploitation of soil
nutrients by plant species, at the harvest of

2008-01-09 10:38:16
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Regular irrigation Increased irrigation

R. obtusifolius

O K fertil.
1004 _ N fertil Souree - F
B K+N fertil. 017
75 i T ND 0.325
[ 0.003
50 NTxND 0.100
1 NTxI  0.345
25 NDx|  0.865
0
A. elatius
Source P
100+ T NT  <0.001
754 ND <0.001
[ <0.001
50 - NTxND 0.596
— 1 NTx|  0.053
g 25 ND x | 0.063
c 0
iS))
C
o e .
= T. officinalis
@]
(n'd Source P
100+ 7 NT <0.001
75- ND 0.085
[ <0.001
50 NTxND 0.723
1 NTx|  0.249
25 NDx|  0.930
0
T. repens
Source P
100+ 7 NT 0.789
754 ND 0.621
[ <0.001
50 NTxND 0.377
1 NTxI  0.327
NDxI|  0.706
25
0

homog. heterog. homog. heterog.

Nutrient distribution

Fig. 1. Root length of grassland species grown in pots with either homogenously or heterogeneously
distributed nutrients (K, N, K+N) under regular or increased irrigation. Means + SE (n = 7). P values
from ANOVA results with nutrient type (NT), nutrient distribution (ND) and irrigation (I) as factors.
Small error bars are not depicted.
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Table 4. Specific root length (m g™') of Rumex obtusifolius, Arrhenatherum elatius, Taraxacum officinale,
and Trifolium repens that had been grown in soil with homogenous (homog.) and heterogeneous (het-
erog.) distribution of potassium (K), nitrogen (N) or both (K+N). Means * SE, n = 6. Abbreviations for
ANOVA results: N-nutrient type (K, N, K+N), ND-nutrient distribution (homog., heterog.), I-irriga-
tion (normal, increased). Bold P-values indicate significant effects.

Nutrient / R. obtusifolius A. elatius T. officinale T. repens
Irrigation  homog. heterog. homog. heterog. homog. heterog. homog. heterog.
Normal irrigation
K fertil. 230.6 £ 162.7 + 421.6 + 2873+ 59.6+  41.0+55 2372+ 324.8 +

10.8 69.1 77.3 56.6 8.11 35.1 95.0
N fertil. 159.8 + 44.0 + 108.7 + 80.9 + 463+34 333+15 2859+ 700.1
30.4 11.4 30.7 12.5 32.8 51.2
K+N 98.1 + 1344 + 1429+ 682+45 564+95 794%57 2963+ 197.3
fertil. 35.9 54.7 22.2 36.1 86.0
Increased irrigation
K fertil. 1323 + 742 3151+ 94072 40.7+85 332%£5.1 336.5 = 161.0 £
83.0 21.1 107. 29.6 12.1
N fertil. 241.7 + 156.8 £ 2474 + 90.6 + 255+4.7 205+24 163.6 £ 199.2 +
72.8 36.7 48.1 18.4 11.2 25.3
K+N 136.6 £ 192.0 £ 3841+ 87.7%x81 268+42 295x7.8 147.7 £ 247.6 £
fertil. 81.1 57.2 87.3 33.1 429
ANOVA N P=0.476 N P=0.001 N P=0.013 N P=0.556
results
ND P=0.116 ND P=0.152 ND P=0.161 ND P=0.298
I P=0.786 I P <0.001 I P <0.001 I P=0.205
NxND P=0.630 NxND P=0181 NxND P=0903 NxND P=0.675
NxI P=10.302 NxI P=0.211 NxI P=0.193 NxI P=0.215
ND x1 P=0.541 ND x1 P=0.274 ND x1 P=0.288 ND x1 P=0.766

the experiment five soil samples each with
5 g were taken from the soil sections. These
soil samples were mixed, air dried, sieved
(< 2 mm) and analysed for soil pH, nitrate
N, soluble P and soluble K concentrations.
Soil pH was measured in CaCl, suspension
(1:10, mass vol ™) using a glass-electrode. Soil
nitrate-N concentration was analysed on
1% K,SO, extracts using a continuous-flow
method on a photometer (type 6010; Skalar,
Breda, The Netherlands; Hoffmann 1991),
available P and K concentrations were de-
termined photometrically after double lactic
acid extractions (Riehm 1948).

2.5. Statistical analyses

General patterns between species were
tirst analysed by conducting four-way ANO-
VAs (factors: species — Spp, 4 levels; nutri-
ent type — NT, 3 levels; nutrient distribution
- ND, 2 levels; irrigation - I, 2 levels) using
the general linear model procedure in SAS
(Version 8.02, SAS Institute, Cary, North
Carolina, USA). Then, to test for responses
of individual species, three-way ANOVAs
were carried out in a similar manner. Data
were checked for deviations from normality
and for homogeneity of variances prior to
analysis.
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Table 5. Statistical results on the effect of nutrient type (NT), nutrient distribution (ND) and irrigation
(I) on soil potassium and nitrate contents in sections where a particular plant species grew. Bold P-val-
ues indicate significant effects derived from ANOVAs.

Parameter NT ND I ND xI NT x ND NTxI

Soil K

R. obtusifolius <0.001 <0.001 0.004 0.215 <0.001 0.142

A. elatius <0.001 <0.001 <0.001 0.483 0.031 0.782

T. officinale <0.001 <0.001 <0.001 0.102 0.034 0.125

T. repens 0.022 <0.001 <0.001 0.030 0.441 0.436

Soil NO,-N

R. obtusifolius <0.001 0.001 0.009 0.112 <0.001 0.317

A. elatius <0.001 0.011 0.002 0.102 0.101 0.026

T. officinale <0.001 0.120 <0.001 0.674 0.542 0.010

T. repens <0.001 0.088 0.361 0.024 0.701 0.006

translated into significantly different root:

3. RESULTS shoot ratios across species that was highly

3.1. General response patterns across species

Overall, tested species differed signifi-
cantly in their response to irrigation and to
a lesser degree to nutrient type and distribu-
tion as indicated by various significant inter-
action terms between species and imposed
treatments (Table 2). Irrigation treatments
highly significantly altered root morphology,
biomass allocation and soil nutrient exploi-
tation across species. The nutrient type used
to create patches significantly affected root
length, number of root tips, biomass alloca-
tion and soil nutrient exploitation while the
distribution of nutrients only affected root
length, root mass and soil nutrient exploita-
tion of species.

Both shoot and root mass production dif-
fered significantly between species. However
across species, only root mass was highly sig-
nificantly affected by all imposed treatments
while shoot mass was only affected by nutri-
ent type and irrigation (Table 2). This also
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affected by nutrient type and irrigation, but
not affected by nutrient distribution.

Generally, soil potassium and nitrate ex-
ploitation was similar across plant species but
was highly affected by nutrient type, nutrient
distribution and irrigation (Table 2). Nutrient
exploitation at different nutrient distribution
was dependent on irrigation level (e.g., sig-
nificant ND x I interaction term). Soil pH in
soil section was similar between tested spe-
cies and only affected by irrigation.

3.2. Species-specific responses
on root morphology

Root lengths of R. obtusifolius, A. ela-
tius and T. officinale were generally higher
when either K or N was used as fertilizers
than when both nutrients were combined;
T. repens root length remained unaffected
(Fig. 1). Generally, all species showed signifi-
cantly greater root lengths at increased irri-
gation than at regular irrigation. Only root
length of A. elatius was significantly greater

2008-01-09 10:38:17
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Root tips (x 1000)

Regular irrigation

R. obtusifolius

20 O Kfertil.
15 E1 N fertil.
B K+N fertil.

10

Increased irrigation

T

A. elatius

20
15
10
5
0-

T. officinalis
20
15
10

T. repens
20
15
10 -
5

0

homog. heterog.

homog. heterog.

Nutrient distribution

Source P

NT 0.664
ND 0.999
| 0.079

NTxND 0.149
NT x| 0.465
ND x| 0.789

Source P

NT 0.004
ND 0.039
I <0.001
NTxND 0.192

NT x| 0.527
ND x | 0.286

Source P

NT 0.057
ND 0.032
| 0.700

NTxND 0.143
NT x| 0.245
ND x | 0.285

Source P

NT 0.456
ND 0.198
I <0.001
NTxND 0.610
NT x| 0.984

ND x | 0.370

Fig. 2. Number of root tips of grassland species grown in pots with either homogenously or heteroge-
neously distributed nutrients (K, N, K+N) under regular or increased irrigation. Means + SE (n = 7). P
values from ANOVA results with nutrient type (NT), nutrient distribution (ND) and irrigation (I) as
factors. Small error bars are not depicted.
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Regular irrigation Increased irrigation

R. obtusifolius

O K fertil.
10+ 1 N fertil.
5 B K+N fertil. .

Roots (g) Shoots (g)

Roots (g) Shoots (g)

homog.heterog. homog.heterog.

Nutrient distribution

Fig. 3. Shoot and root dry weight of grassland species grown in pots with either homogenously or het-
erogeneously distributed nutrients (K, N, K+N) under regular or increased irrigation. Means + SE (n =
7). P values from ANOVA results with nutrient type (NT), nutrient distribution (ND) and irrigation (I)

as factors. Small error bars are not depicted.
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Shoots

Roots

Shoots

Roots

Shoots

Roots

Shoots

Roots

NT

ND

I
NT x ND
NT x|
ND x |
NT

ND

|
NT x ND
NT x|
ND x|

NT

ND

I
NT x ND
NT x|
ND x|
NT

ND

|
NT x ND
NT x|
ND x|

NT

ND

I
NT x ND
NT x|
ND x |
NT

ND

I
NT x ND
NT x|
ND x|

NT

ND

I
NT x ND
NT x|
ND x|
NT

ND

I
NT x ND
NT x|
ND x |

A A

AN A

A

0.653
0.103
0.838
0.729
0.820
0.313
0.678
0.092
0.099
0.445
0.599
0.201

0.006
0.001
0.001
0.859
0.948
0.008
0.001
0.001
0.001
0.166
0.004
0.001

0.078
0.001
0.001
0.106
0.374
0.010
0.005
0.387
0.001
0.434
0.509
0.577

0.100
0.885
0.048
0.723
0.264
0.485
0.590
0.252
0.058
0.607
0.221
0.241

2008-01-09 10:38:17



journal 12.indb 741

Effect of nutrient patches on grassland species 741

at heterogeneous nutrient distribution than
at homogenous distribution while the other
species remained unaffected.

Root diameter of A. elatius and T. offici-
nalis was significantly higher when either K
or N was used as fertilizer than when both
nutrient types were combined while root
diameter of the remaining two species was
unaffected (Table 3). Only root diameter
of T. repens was significantly higher when
nutrients were homogeneously distributed
than heterogeneously distributed; root di-
ameters of the other species were unaffect-
ed by nutrient distribution. A. elatius and T.
repens growing at increased irrigation had
significantly thinner roots than at regular
irrigation while root diameters of the other
species were unaffected by irrigation. Root
diameter of A. elatius was not only depen-
dent on the nutrient type and distribution
but also showed different responses at dif-
ferent irrigation levels (e.g., significant NT
x I and ND x I interaction terms).

SRL of A. elatius was significantly higher
when K was used as a fertilizer than when
N or K+N were used (Table 4). In contrast,
SRL of T. officinale was significantly higher
when K+N was combined, at heterogeneous
than homogenous nutrient distribution, and
under increased than regular irrigation.
Specific root lengths of R. obtusifolius and
T. repens remained unaffected by type of
nutrient used as a fertilizer. Nutrient dis-
tribution had no effect on SRL of any spe-
cies, however increased irrigation led to
significantly higher SRL of A. elatius but to
significantly lower SRL for T. officinale; R.
obtusifolius and T. officinale remained unat-
fected by irrigation.

Number of root tips of A. elatius was sig-
nificantly higher when nutrients were used
separately than combined; root tips of the re-
maining species were similar between differ-
ent nutrient types (Fig. 2). Both A. elatius and
T. officinalis showed significantly more root
tips when nutrients were heterogeneously
than homogeneously distributed while the
number of root tips of R. obtusifolius and T.
repens were unaffected by nutrient distribu-
tion. Increased irrigation led to a significant-
ly higher number of root tips of A. elatius and
T. repens but left number of root tips of R.
obtusifolius and T. officinale unatfected.

3.3. Species-specific responses
on biomass allocation

Neither shoot nor root mass production
of R. obtusifolius was affected by imposed
treatments (Fig. 3). However, root:shoot ra-
tio of R. obtusifolius was significantly higher
when either K or N was fertilized than when
both nutrient types were combined (ANOVA
results NT: P = 0.011) but remained unaf-
fected by nutrient distribution or irrigation
(however significant ND x I interaction: P =
0.037 was found, data not shown).

Shoot mass of A. elatius was significantly
higher at increased irrigation than at regu-
lar irrigation and also when nutrients were
distributed heterogeneously than homoge-
neously and when N was used as a fertilizer
compared to the use of K or K+N (Fig. 3).
Root mass of A. elatius was significantly high-
er when either K or N was used than when
K+N was combined, also heterogeneous dis-
tribution led to a higher root mass than ho-
mogeneous distribution. Increased irrigation
showed higher root mass of A. elatius than
regular irrigation. Root:shoot ratio of A. ela-
tius remained unaffected by imposed treat-
ments (data not shown).

Shoot mass of T. officinale was not affect-
ed by nutrient type but significantly lower
under heterogeneously than homogeneously
distributed nutrients (Fig. 3). Increased ir-
rigation led to a significantly higher shoot
mass production than at regular irrigation.
Root mass production was significantly
higher under either K- or N- than K+N-fer-
tilisation. Root:shoot ratio of T. officinale was
significantly higher when nutrients were ho-
mogeneously than heterogeneously distrib-
uted (P < 0.001) but not affected by nutrient
type (however significant ND x I interaction:
P =0.031 was found).

Trifolium repens shoot mass was sig-
nificantly higher under regular irrigation
than increased irrigation; biomass pro-
duction of T. repens remained unaffected
by nutrient type and nutrient distribution
(Fig. 3). Root:shoot ratio of T. repens
was significantly lower when N was used
as fertilizer compared to the use of K
or N+K (P = 0.011) and was higher at
increased compared to regular irrigation
(P = 0.017) but not affected by nutrient
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Regular irrig. Increased irrig. Regular irrig. Increased irrig.
O K fertil.
R. obtusifolius N fertil.
B K+N fertil

|
homog.heterog.

homog.heterog.  homog.heterog.

Nutrient distribution

Fig. 4. Soil nitrate-nitrogen and potassium concentration under grassland species grown in pots with
either homogenously or heterogeneously distributed nutrients (K, N, K+N) under regular or increased
irrigation. Means + SE (n = 7). See Table 5 for results of statistical analyses. Small error bars are not
depicted.
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distribution (however significant interac-
tion between ND x I. P = 0.021 was
found).

3.4. Species-specific responses
on soil nutrient exploitation

For all species, soil potassium exploi-
tation was significantly higher under in-
creased than regular irrigation and sig-
nificantly higher when nutrients where
heterogeneously than homogenously dis-
tributed (Fig. 4, Table 5). However, potas-
sium exploitation by R. obtusifolius, A. ela-
tius and T. officinale was also dependent on
nutrient type used and on the distribution
of these nutrients (e.g. significant NT x ND
interaction). For T. repens, soil potassium
exploitation was also significantly affected
by nutrient distribution however this was
dependent on the irrigation level (e.g. sig-
nificant ND x I interaction).

Soil nitrate exploitation of R. obtusifo-
lius was significantly lower when both K+N
was fertilized than when separate K and N
were used; however, this was only the case at
homogeneous nutrient distribution (e.g. sig-
nificant NT x ND interaction; Fig. 4, Table
5). Soil nitrate exploitation of A. elatius and
T. officinale was significantly affected by nu-
trient type but was different at different irri-
gation levels (e.g. significant NT x I interac-
tions). Nitrate exploitation of T. repens was
significantly affected by nutrient type and
nutrient distribution, however the effect was
dependent on the irrigation level (e.g. signif-
icant ND x I and NT x I interactions).

Soil pH was only affected in sections
where either R. obtusifolius or T. officinale
grew; other species did not influence soil
pH (data not shown). In sections with R.
obtusifolius, pH values were significantly
higher when nutrients were heterogeneous-
ly distributed than homogeneously distrib-
uted (P = 0.005). Increased irrigation also
led to increased soil pH (P = 0.016). In sec-
tions with T. officinale, pH was significantly
higher in N- than K- or K+N fertilized soil
(P = 0.010). Soil receiving increased irriga-
tion showed higher soil pH than regularly
irrigated soil (P <0.001; data not shown).

4. DISCUSSION
4.1. Responses of root morphology

Generally, allmeasures chosen to describe
root morphology (root length, root diameter,
specific root length, number of root tips) were
significantly affected by at least one of the
treatments, suggesting that root morphology
was a sensitive parameter to determine the
influence of nutrient type, soil heterogeneity
or irrigation. Root morphology parameters
also showed significant interactions between
species and treatment factors, indicating that
species differed in their response to nutri-
ent types. These species-specific differences
in their response might have ramification
for the competitive interactions between R.
obtusifolius and the grassland species. In the
current experiment, species were studied in a
competitive environment, however, since the
same neighbouring species were used among
treatments it is impossible to determine the
role of interspecific competition for the ob-
served response patterns.

Focussing on individual effects of species
it was surprising to see that in contrast to
the hypothesis root morphology of R. obtu-
sifolius remained unaffected by different soil
nutrient distribution. In contrast, the grass
A. elatius showed a 40% higher root length
production and 6% more root tips, the non-
leguminous herb T. officinale showed 3%
more root tips and the legume T. repens a
15% reduced root diameter when nutrients
were heterogeneously than homogeneously
distributed. Root length production of R.
obtusifolius was affected by the nutrient type
used to fertilize soil and was 30% higher
when N and 40% higher when only K was
used than when both K+N were combined.
Nutrient type also affected root morphol-
ogy of the grass A. elatius by showing a up
to twice as high root length and specific root
length and twice as many root tips when ei-
ther N or K was used than when both nutri-
ents were combined. Also, T. officinale had a
11% higher root diameter, a 40% higher root
length but a 20% lower specific root length
when either N or K was used than when both
K+N were combined. Root morphology of
the legume was not affected by type of nu-
trients used to create patches. Increased soil
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moisture led to a 40% increased root length
production of R. obtusifolius however did
not alter other parameters of root morphol-
ogy. The other species also showed a high
plasticity in root morphology with an aver-
aged 40% increase in root length production,
15% more root tips (despite for T. officinale
that was unaltered), a 10% higher and 40%
lower specific root length for the grass and
non-leguminous herb, respectively (T. repens
remained unaffected).

Based on the number of parameters al-
tered by the treatments, the root system of
the grass A. elatius showed the highest plas-
ticity, followed by T. officinale and T. repens
with R. obtusifolius being the least respon-
sive. This is only partly in correspondence
with the notion that coarse-rooted species
such as R. obtusifolius or T. officinale would
be less responsive because of higher costs
of proliferation to soil microsites than fine-
rooted species (such as A. elatius or T. re-
pens) (Eissenstat 1992, Farley and Fitter
1999). It is tempting to assume that species
with a higher root plasticity would have a
competitive advantage over species with
lower plasticity. However, by comparing the
responses of several species to soil nutrient
heterogeneity only a weak coupling between
root plasticity and plant performance was
found (Johnson and Biondini 2001). Ad-
ditionally little support for the widespread
assumption that foraging precision increases
the benefit gained from growth in heteroge-
neous soil could be found and thus the eco-
logical relevance of small-scale nutrient het-
erogeneity in natural systems was questioned
(Kembel and Cahill 2005). These findings
suggest that while roots may rapidly respond
to the presence of nutrient patches, this may
not translate immediately into plant perfor-
mance. It is important to note, however, that
most studies on the response of plants to soil
nutrient heterogeneity excluded competition
between species. Thus, it is very likely that in
a mixed plant community the benefits of root
plasticity might be more critical especially
for subdominant species like A. elatius, T. of-
ficinale and T. repens as a general adaptation
to compete for soil nutrients regardless of the
extent of soil nutrient heterogeneity (John-
son and Biondini 2001). In the current
study, all species tested seemed to have suf-
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ficient plasticity in the root system to track
the scale of the soil heterogeneity and that
this can at least for A. elatius and T. officinale
translate into altered shoot and root biomass
production. Results also showed that many
interactions between nutrient distribution
and irrigation could be observed, indicating
that irrigation affects the accessibility of the
nutrient in the patches relative to homoge-
neous distribution and that this can also lead
to a higher rate of nutrient exploitation in
pots receiving increased irrigation.

For the current study it was assumed
that responses to nutrient distribution
would occur due to inherent differences in a
plants” root system and that plants with ad-
ventitious root systems (A. elatius, T. repens)
would differ in their response to the treat-
ments than plants with a taproot system (R.
obtusifolius, T. officinale). Data suggest that
the basic architecture of the root system is
not necessarily a good indicator of a plants’
response to soil heterogeneity or soil mois-
ture. This could also be due to the finding
that the response to soil heterogeneity is not
a fixed species trait but one that can vary
considerably with plant developmental stage
(Hutchings and John 2004). Therefore,
seedlings could be considered to be more
affected by small-scale heterogeneity than
mature plants with greater root systems.
Another aspect for a plants’ response to soil
heterogeneity might also be its dependence
on mycorrhizal associations (Farley and
Fitter 1999). Indeed, R. obtusifolius is the
only species in the current investigation that
combines two traits that could be a reason
for its non-responsiveness to nutrient het-
erogeneity: no mycorrhization and a coarse
root system. The other more responsive spe-
cies tested showed either thinner root system
(A. elatius) and/or potential association with
mycorrhizal fungi (A. elatius, T. officinale, T.
repens). The little response of the legume to
soil N heterogeneity might also be explained
by its independency from soil N due to N-
tixation. In fact, no root nodules of nitrogen
fixing bacteria could be observed at har-
vesting indicating that the duration of the
experiment was not long enough to allow
N-fixing bacteria to develop. Alternatively,
although root growth is the most visually
obvious response to soil heterogeneity also
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physiological shifts in uptake kinetics could
be more important in determining growth
responses to soil heterogeneity (Jackson et
al. 1990, Hodge 2004).

4.2. Biomass allocation and
nutrient exploitation

Biomass allocation was significantly af-
fected by treatments and varied considerably
between species. According to Campbell et
al. (1991) R. obtusifolius would be considered
a dominant plant characterized by reallocat-
ing biomass towards roots and developing an
extensive root system by capturing and mo-
nopolizing a large portion of soil resources
through a coarse scale foraging strategy. Con-
trary, the subdominant species are thought
to capture soil resources through a fine scale
foraging strategy with little changes in their
root biomass. However, in the current study
biomass allocation of R. obtusifolius was un-
altered by soil heterogeneity and only affect-
ed by nutrient type by allocating significantly
more biomass to the root system than to the
shoots when either N or N+K was used but
remained unaffected by K fertilisation. In
contrast the subdominant species A. elatius
and T. officinale showed manifold responses
to soil heterogeneity in their above- and be-
lowground biomass production. Especially
shoot mass of A. elatius and T. officinale was
significantly lower at heterogeneous than at
homogeneous nutrient distribution while
R. obtusifolius and T. repens shoot mass re-
mained unaffected. This might have conse-
quences for the competitive relationships
between species in the grassland community,
although in an other experiment it could be
shown that biomass allocation of R. obtusi-
folius was rather insensitive to shoot com-
petition through grassland species (Zaller
2004a).

Generally the size of the root system may
have important implications for the perfor-
mance of these species in grassland commu-
nities since species with a large root system
are likely to have a greater ability to exploit
nutrient-rich patches than those with small
root systems (Farley and Fitter 1999). The
current results showed that although T. of-
ficinale had the largest root biomass across
treatments (followed by R. obtusifolius, T.

repens and A. elatius) and T. repens had the
greatest root length (followed by A. elatius,
R. obtusifolius and T. officinale) - these spe-
cies were among the least responsive. This
indicates that other parameters than root
morphology or biomass allocation are likely
to influence response patterns. Given the
species-specific responses of root systems to
treatments, it was interesting to see that spe-
cies did not differ in the exploitation of soil
potassium and nitrate-nitrogen. However,
because species varied considerably in their
individual response to nutrient type, distri-
bution and irrigation as indicated by signifi-
cant interactions between treatment factors
and species it is difficult to draw any general
response patterns. In terms of nitrate-nitro-
gen exploitation only soil sections with T.
officinale, the species with greatest root bio-
mass, were unaffected by nutrient distribu-
tion; soil nitrate-nitrogen contents under T.
repens was neither affected by nutrient dis-
tribution nor by irrigation. This indicates
that nutrient type, soil heterogeneity and soil
moisture levels can alter the root morphol-
ogy and allocation of species but have only
little influence on soil nutrient exploitation.
Explanations for this could be in different ca-
pacities to store nutrients in roots (Gebauer
et al. 1984, Zaller 2004a) or adjustments at
the physiological level by influencing nutri-
ent uptake kinetics (Jackson et al. 1990,
Hodge 2004).

One of the central aims of this study was
to compare the response of R. obtusifolius
with that of other co-occurring grassland
species. Results showed that R. obtusifolius
was rather insensitive to soil heterogeneity,
but responded to single use of either N or K.
Overall, the grass and the non-leguminous
herb showed a high plasticity, while the legu-
minous species remained rather unrespon-
sive. Soil moisture levels have been shown
to significantly influence the response of
species to soil heterogeneity making diffi-
cult to predict species responses in a natural
environment with fluctuating soil moisture.
Results from this study suggest that, consid-
ering the parameters measured in this study,
R. obtusifolius does not seem to have supe-
rior traits to utilize soil nutrient heteroge-
neity, certain nutrient types or higher soil
moisture that fundamentally differentiates it
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from the other grassland species tested. This
also implies that management measures ori-
ented on the improvement of the competi-
tive ability of co-occurring grassland species
(e.g. sheep grazing, Zaller 2006b) could
also be important in soils with heteroge-
neous nutrient distribution and higher soil
moisture. Finally, results also show that the
functional ecology of R. obtusifolius is still
very poorly understood and that further re-
search is especially needed on interactions
in multi-species communities in order to
develop strategies for the sustainable man-
agement of this species (see also Zaller
2004b).
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