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Abstract—Various ailelopathy bioassays were used to evaluate the atlelo-
pathic potential of 10 grassland forage species against a common test (phy-
tometer) species, Carduus nutans L. Aqueous extracts did not influence
C. nurans germination, although radicle elongation was often severely inhib-
ited. C. nutans was strongly affected by shoot, but not root, leachates. Decom-
posing ground tissue had mixed effects, and often stimulated shoot production
of C. nutans. Calculation of R? (coefficient of determination) values between
these results, and the results of previous experiments investigating the effects
of the same 10 species on C. nutans emergence and development in field plots
and glasshouse competition experiments frequently revealed strong, statisti-
cally significant relationships. Our results therefore provide correlative evi-
dence for the impontance of allelopathy in field conditions.

Key Words—Allelopathy, bioassay. Carduus nutans L., comparative
approach, correlative evidence, forage plant, grassland, phytometer.

INTRODUCTION
Allelopathy has frequently been suggested as an important factor in regulating

the structure of plant communities (McPherson et al., 1971; Rice, 1984; Ruth-
erford and Powrie, 1993; Smith and Martin, 1994) and growth rate of plants in
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field conditions (Dias, 1991; Li et al., 1992; Nakahisa et al., 1993). However,
many researchers have criticized the notion that allelopathic agents are active
or important under field conditions, mainly because of perceived flaws in the
methodologies (principally bioassays) used for evaluating allelopathy (Harper,
1977; Keeley, 1988) and because of the failure of one study (Stowe, 1979) to
detect a statistically significant relationship between the bioassay results for a
range of species and the spatial patterning of the same species in the field.

Comparative approaches to plant ecology often have been utilized suc-
cessfully for testing hypotheses relating to factors influencing plant growth and
structuring plant communities (Gaudet and Keddy, 1988; Grime et al., 1988;
Shipley and Peters, 1990; Keddy et al., 1994). Such approaches involve select-
ing a number of plant species (with each species representing a single inde-
pendent data point), and investigating whether a statistically significant
relationship (usually a correlation) exists between two or more variables mea-
sured for the whole range of species tested. Although correlation does not mean
causation, predictive comparative approaches can enable prediction of factors
important in regulating a wide spectrum of species in a given community (Peters,
1991).

The comparative approach has considerable potential in testing the allelo-
pathy hypothesis. Such a test would involve quantifying the relative allelopathic
effect of a range of donor species against a common receiver species (= phy-
tometer; Gaudet and Keddy, 1988) and determining whether these effects were
correlated with the relative effects of the same donor species against the receiver
species in field (or glasshouse) interference experiments. In previous studies we
have reported the relative effects of 10 grassland forage plant species against
the seedling emergence, growth, and development of a single test species (the
pasture weed Carduus nutans L. or nodding thistle) in both field experiments
(Wardle et al., 1995) and glasshouse competition experiments (Wardle et al.,
1992b). The purposes of the present study were to utilize various conventional
bioassay techniques to determine the potential allelopathic effects of the same
10 species on C. nutans and to employ the comparative approach to elucidate
whether significant relationships could be established between the results of these
bioassays and the results of Wardle et al. (1992b, 1995).

METHODS AND MATERIALS

The donor species used for this study are all used as forage species in New
Zealand pastures, and included six grasses [Dactylis glomerata L. (cocksfoot),
Phalaris aquatica L. (phalaris), Bromus wildenowii L. (prairie grass), Lolium
perenne L. (perennial ryegrass), Festuca arundinacea Schreb. (tall fescue), and
Holcus lanata L. (yorkshire fog)] and four legumes [Medicago sativa L.



ALLELOPATHY IN GRASSLAND PLANTS 935

(lucerne), Trifolium pratense L. (red clover), T. subterraneum L. {subterranean
clover), and T. repens L. (white clover)]. Seedlings of donor species were raised
from commercially available seed sources. Seeds for the receiver species,
C. nutans, were collected from pastures in the Waikato district of New Zealand
[area described in detail by Wardle et al. (1995)], during the summer of 1990-
1991. Four bioassays were used to evaluate the effects of each of the 10 species
on C. nurans: aqueous extract bioassays, leaf leachate bioassays, root leachate
bicassays, and decomposing tissue bioassays.

Tissue Preparation. To provide tissues for the allelopathy bioassays, poly-
styrene trays, 50 X 30 X 9 cm deep were filled up to 1 cm depth with a 1:1
mixture of soil and pumice, as described by Wardle et al. (1992b). The soil
was a Vitric hapludand (Horotiu sandy loam; pH 5.7; organic C 9.1%); the
pumice was included to ease the separation of roots. These trays were sown
with seeds of each of the 10 species (eight trays per species) at the recommended
field sowing rate for each species [rates given by Wardle et al. (1992b)]. Fol-
lowing establishment, the swards were left in glasshouse conditions (temperature
range: 10-25°C; day-night light ratio 12: 12) and amended approximately every
two weeks with an appropriate nutrient solution (Smith et al., 1983). After 90
days all the above-ground and below-ground tissue produced by each species
was harvested.

Aqueous Extract Bioassay. This was conducted according to Wardle et al.
(1992a). Subsamples of the shoot and root tissues of each species were air-dried
and ground to 0.5 mm using a Wiley mill, mixed with deionized water at a
concentration of 5% (w/v), and stirred vigorously at room temperature for 20
min. The mixture was filtered by passing it twice through cheesecloth and then
through Whatman No. 1 filter paper. For each tissue, two solutions, 2% and
5% w/v, of tissue were prepared. These concentrations are within the range
normally used for bioassays of this type (Stowe, 1979; Hegazy et al., 1990).
To assess the allelopathic effect of each solution, 10 replicate 9-cm-diameter
Petri dishes were set up and germination tests performed as described by Wardle
et al. (1992a). Two pieces of Whatman No. 1 filter paper (9 cm diameter) were
added to each dish, to which was added 5 ml of aqueous extract and 20 seeds
of C. mutans. Controls consisted of 10 Petri dishes containing deionized water
in place of the extract. Osmotically adjusted controls were not used (cf. Wardle
et al., 1992a) because C. nuzans is not responsive to osmotic potentials of the
extracts. The total number of seeds that germinated for each Petri dish was
determined daily for 21 days and seeds were removed upon germination so as
to prevent radicles and cotyledons of germinated seeds from interfering with
germination of other seeds. Total percent germination for each Petri dish was
determined for the whole 21-day period, as well as the speed of germination
index, S, of Khandakar and Bradbeer (1983) as described by Ahmed and Wardle
(1994). This index ranges from 100 (if all seeds germinate on the first day
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following set-up) to O (if no seeds germinate by the end of the experiment).
Assessments of allelopathic effects of these extracts on C. nutans radicle elon-
gation were also made, as described by Wardle et al. (1993). Seeds of C. nurans
were pregerminated on moistened filtered paper, and upon germination were
placed in Petri dishes (three seeds per dish) with 5 ml of each of the solutions
described above and five replicate dishes per extract. Corresponding controls
consisted of deionized water in place of the extract. After 10 days, the length
of each radicle was measured.

Aqueous Leaf Leachate Bioassay. This bioassay was performed for each
donor species as described by Wardle et al. (1993), based on the approach of
McPherson et al. (1971) and Stowe (1979). This involved placing 1.5 kg (fresh
weight) shoot tissue on a I-m-diameter sieve (holes = 4 mm) and spraying it
with a fine mist of deionized water for approximately 15 min, until 200 ml of
leachate was obtained. The effect of each leachate on percent germination, speed
of germination, and radicle elongation of C. nutans was evaluated exactly as
for the aqueous extract bioassay.

Root Leachate Bioassay. This bioassay was performed basically as described
by Ahmed and Wardle (1994). Six replicate pots (15 cm diameter X 12 cm
deep) were prepared for each donor species by filling them with a 1:1 mixture
of Horotiu silt loam soil and pumice, and sowing them with seeds of that species
at the recommended sowing rate (Wardle et al., 1992b). Another six pots, filled
with the soil-pumice mix but left unplanted, were set up to serve as controls.
All pots were then left in glasshouse conditions as described above, and trimmed
every two to three weeks to 5 cm height (to simulate grazing removal in the
field; Wardle et al., 1994). After 90 days a further 66 pots were prepared, each
filled with the same soil-pumice mix, and planted with 15 C. nrutans seeds.
Each C. nutans (receiver) pot was linked with one donor pot (so as to maintain
statistical independence). Every seven days for a further 98 days, 650 ml of
deionized water was added to the soil surface of each donor pot. Over the
following 2 hr, 250 m! of the water that came out of the bottom of each donor
pot was collected and added to the soil surface of the corresponding receiver
pot. The total number of C. nutans seedlings that emerged in each receiver pot
was counted approximately every two days for the first three weeks and approx-
imately every five days thereafter until the end of the experiment, so as to
determine the total percent seedling emergence and speed of emergence index,
E (calculated the same as the speed of germination index, §). Thirty-eight days
after setting up the receiver pots, the total number of C. nurans seedlings was
thinned to one per pot, to reduce the potential for intraspecific interference
(Wardle et al., 1993). At the end of the experiment, the C. nutans plant present
in each pot was harvested and the total above-ground and below-ground biomass
dry weight, and shoot-root ratio was determined following oven drying (80°C;
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24 hr). The entire experiment was performed in glasshouse conditions as
described above.

Decomposing Tissue Bioassay. This bicassay was performed as described
by Wardle et al., (1993). For each donor species, air-dried root and shoot tissue
was ground to 0.5 mm using a Wiley mill and mixed with the soil-pumice
mixture described above, at each of two concentrations: 0.2% and 0.8% w/w.
The concentrations used correspond with the quantities of forage plant tissues
present in managed pastures (Wardle et al., 1993). Two types of controls were
also used. The first consisted of pumice + soil, without amendments. The
second consisted of peat moss mixed with the pumice + soil at concentrations
0f 0.2% and 0.8%. The rationale behind this second control is that soil organic
matter levels are enhanced following addition of plant tissue (resulting in plant
responses being attributable to factors other than allelopathy), and the addition
of a supposedly inert medium (peat moss) in place of plant tissue is presumed
to correct for changes in organic matter without inducing allelopathic effects
(Stowe, 1979; Shafer and Garrison, 1986). Six replicate pots (each 15 cm diam-
eter X 12 cm deep) were filled with soil from each tissue type X concentration
combination. Fifteen seeds of C. nutans were planted in each pot and the total
percent seedling emergence and speed of emergence determined as described
for the root leachate bioassay. Pots were maintained in glasshouse conditions
as described above and amended with an appropriate nutrient solution (Smith et
al., 1983). After 36 days the total number of C. nutans seedlings in each pot
was thinned to one. The experiment was then left for a further 59 days, after
which the oven-dry shoot and root weight and shoot-root ratio of each seedling
was determined.

Data Analysis. Data for each bioassay were calculated as treatment value
divided by control value, so as to aid comparisons between bioassays (Wardle
et al., 1993; Ahmed and Wardle, 1994). These data were analyzed using anal-
ysis of variance testing for donor species effects on C. nutans, followed by
Tukey’s honestly significant difference test at P = 0.05.

Coefficients of determination (R?) values were calculated in order to eval-
uate the relationships between the allelopathy bioassay results and the results of
the studies of Wardle et al. (1992b, 1995), who investigated the nature of
interference of the 10 forage species on seedling emergence, growth, and devel-
opment of C. nutans. Because of the large number of variables measured for
the 10 species (especially in terms of the allelopathy bioassays), if all possible
combinations between variables were tested it would be expected that a number
of R? values would emerge as being statistically significant simply due to chance
{or type 1 error). To help overcome this problem and to reduce the number of
variables in the data set, the data were simplified by using principal components
analysis (PCA) to identify principal components that summarized the maximal
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variation present across the 10 species for each of the four bioassays (see Wardle
and Parkinson, 1990). For example, the six variables relating to the aqueous
extracts (germination, speed of germination, and radicle elongation data for each
of the 2% and 5% concentrations of extract) were all simplified to one variable,
namely the principal component maximizing variation between donor species.
Only the first principal component {(explaining the greatest variation) was used
from each of the four bioassay types, since preliminary analysis revealed that
lower-order principal components were unimportant in explaining observed
trends. A fifth allelopathy variable was also used, namely the principal com-
ponent explaining the maximal variation in a previous study aimed at evaluating
the effects of residual soil toxicity of each of the 10 donor species against
C. nutans (Wardle et al., 1991) (hereafter referred to as the residual soil bioas-
say). R? analysis was used to elucidate the relationship between each of the five
principal components, and the effects of swards of each of the 10 forage species
on C. nutans seedling emergence, growth rate, mortality, and flowering intensity
in the field [data from Wardle et al. (1995)] and on C. nutans seedling emergence
and growth rate in glasshouse competition experiments [data from Wardle et al.
(1992b)].

In a previous study, Wardle et al. (1993) determined the response of the
same 10 forage species to the allelopathic potential of C. nutans tissues. To
determine whether any relationship exists between the allelopathic effect of these
10 species (present study) and their response to allelopathic effects of another
species [i.e., whether there exists an allelopathic equivalent of the competitive
hierarchy (Panetta and Randall, 1993) of plants], R* analysis was performed
between each of the five principal components described above and the principal
components derived from data presented by Wardle et al. (1993). The analyses
included principal components summarizing forage plant response to C. nutans
aqueous extracts, C. nutans shoot leachates, and C. nutans decomposing tissues.

RESULTS AND DISCUSSION

Bioassay Data. The aqueous extract bioassays showed that total germina-
tion and speed of germination of C. nutans was generally unresponsive to forage
plant tissues at the 2% concentration (Table 1). However, shoot extracts of
several species at the 5% concentration inhibited these variables, while root
extracts for five of the six grasses significantly enhanced C. nutans speed of
germination. Radicle elongation had a stronger (and consistently negative)
response to shoot and root extracts, supporting other studies that suggest that
radicle elongation bioassays are considerably more sensitive than those based
on germination (Rice, 1984; Leather and Einhellig, 1986). Since this bioassay
is most widely used to evaluate whether water-soluble inhibitors are released
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TaBLE 1. EFFECT OF AQUEOUS EXTRACTS OF GRASS AND LEGUME TISSUES ON
GERMINATION AND RADICLE GROWTH OF Carduus nutans®

2% tissue concentration” 5% tissue concentration

Tissue type and

species TG S RE TG S RE

Shoot tissue
D. glomerata 108.6 116.1 5.3 96.0 81.2 1.3
P. aquatica 110.3 i12.5 4.4 23.0 19.1 0.0
B. wildenowii 104.1 103.0 5.2 94.5 86.4 4.8
L. perenne 112.8 116.9 30.0 85.5 86.4 5.2
F. arundinacea 111.5 109.6 5.7 54.3 53.6 0.0
H. lanata 112.5 123.7 37.1 114.0 125.3 38
M. sativa 113.5 95.0 21.3 55.2 39.3 5.2
T. pratense 113.2 101.5 28.4 96.0 723 6.7
T. subterraneum 109.0 108.2 25.5 63.7 48.4 5.8
T. repens 100.0 86.3 5.2 66.7 28.2 3.6
Tukey's h.s.d.” 15.1 20.6 19.7 22.3 22.1 6.4
Root tissue

D. glomerata 107.1 111.9 64.5 108.2 125.6 37
P. aquatica 115.9 142.2 62.3 112.9 133.1 10.2
B. wildenowii 108.0 1193 45.3 110.7 1310 13.8
L. perenne 109.6 110.1 71.7 108.6 128.8 329
F. arundinacea 107.9 115.8 239 112.8 137.8 11.6
H. lanata 113.4 1329 41.4 112.6 136.4 28.9
M. sativa 104.6 95.2 1.2 83.4 63.8 5.3
T. pratense 1121 109.8 356 103.7 81.7 9.5
T. subterraneum 110.1 117.0 30.1 107.0 105.5 11.3
T. repens 112.8 115.5 44.5 99.0 94.7 8.5
Tukey's h.s.d. 14.1 19.7 29.7 16.7 22.4 13.6

“All data expressed as (treatment value/control value) x 100.

*Weight/volume.

‘TG, total germination; S. speed of germination index; RE, radicle elongation rate.
“Tukey’s honestly significant difference at P = 0.05.

from dried plant material (Stowe, 1979), it would appear from this bioassay that
establishment of seedlings from germinated seeds is likely to be generally neg-
atively affected by the forage species studied.

The aqueous shoot leachates of grasses did not exert strong effects on
germination or radicle growth of C. nutans (Table 2) except for L. perenne,
which caused a significant decrease in radicle elongation. However, all four
legume species induced a statistically significant stimulation of C. nutans speed
of germination, and T. subterraneum induced a significant decline in C. nutans
radicle elongation. Since this bioassay is indicative of possible effects of rainfall
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TABLE 2. EFrFeCT OF GRASS AND LEGUME SHOOT LEACHATES ON GERMINATION AND
RapicLE GROWTH OF Carduus nutans”

Species TG® S RE
D. glomerata 106.2 105.5 83.0
P. aquatica 104.2 105.2 88.6
B. wildenowii 102.1 102.7 98.6
L. perenne 94.9 98.8 64.8
F. arundinacea 105.8 106.0 82.4
H. lanata 104.3 100.1 76.7
M. sativa 112.4 142.7 119.7
T. pratense 103.5 123.3 94.4
T. subterraneum 99.6 135.5 67.7
T. repens 1011 129.8 110.6
Tukey's h.s.d. 13.2 19.2 3.9

“ All data expressed as (treatment value/control value) x 100.
"TG. total germination; §, speed of germination index: RE, radicle elongation rate.
“Tukey's honestly significant difference at P = 0.05.

passing through the leaves of forage plants and reaching target plants situated
beneath them (McPherson et al. 1971), it appears unlikely that this mechanism
is consistent with suppression of C. nutans seedlings by forage species in the
field.

There were no significant effects of root leachates on C. nutans seedling
emergence (Table 3), probably indicative of the high variability of the data.
However, both shoot growth and root growth of C. nutans were significantly
influenced by most of the forage species, with the strongest effects being shown
by P. aquatica, L. perenne, H. lanata, and F. arundinacea. Nutrient analysis
of selected leachates from the donor pots demonstrated that the ammonium,
nitrate, and phosphate concentrations did not differ between species (data not
shown), so the differential levels of inhibition induced by different species appears
to be due to allelopathic, not nutrient depletion effects. For five of the 10 donor
species, there was also a significant reduction of C. nutans shoot-root ratio,
indicating that shoot growth is more susceptible to root leachate toxicity than is
root growth. Although this finding is inconsistent with some previous studies
(Wardle et al., 1993; Nilsson, 1994), allelopathy involves a wide range of
compounds, all of which affect target plants in different ways, so perhaps dif-
ferences between the results from different studies are not surprising.

The decomposing shoot and root tissues of the donor species did not sig-
nificantly alter C. nutans seedling emergence or rate of emergence (Table 4).
However, statistically significant stimulations of C. nutans root growth (relative
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TaBLE 3. EFreECT OF GRASS AND LEGUME RoOT LEACHATES ON EMERGENCE AND
GRrROWTH OF Carduus nutans®

Species TE? SE S R S/R
D. glomerata 112.4 84.2 432 65.9 66.9
P. aquatica 112.3 89.5 41.1 65.7 64.8
B. wildenowii 114.2 85.0 57.3 76.9 75.8
L. perenne 66.2 53.6 359 55.8 67.7
F. arundinacea 7t.2 58.0 35.7 539 68.2
H. lanata 108.2 87.5 37.9 60.0 64.2
M. sativa 99.7 83.5 82.3 95.8 86.3
T. pratense 99.9 77.4 69.9 80.1 88.2
T. subterraneum 120.3 94.0 52.6 67.3 84.7
T. repens 120.7 95.6 70.5 84.6 84.3
Tukey's h.s.d.f 66.9 49.7 17.4 27.2 34.5

“All data expressed as (treatment value/control value) x 100.

“TE, total emergence of seedlings; SE, speed of emergence index: S, final shoot weight; R, final
root weight; S/R, shoot-root ratio.

"Tukey's honestly significant difference at P = 0.05.

to the unamended controls) were caused by shoot tissues of D. glomerata
(0.2% concentration), P. aquatica (0.2% and 0.8%), B. wildenowii (0.2%), F.
arundinacea (0.2%), and H. lanara (0.2 and 0.8%), and by root tissues
of P. aquatica (0.8%) and F. arundinacea (0.8%). However, none of these
stimulations were statistically significant when compared with the peat moss-
amended control. This suggests that the stimulation of shoot growth may not
have been due to allelopathic growth stimulation (Rice, 1986) but rather due to
the improvement of soil quality due to organic matter enrichment. Amendment
of soil by these tissues could conceivably increase plant growth through enhanc-
ing microbial mineralization of plant-available nutrients and enhancing turnover
of the soil microbial biomass (Singh et al., 1989; Wardle, 1992).

The bioassay results in combination suggest that different forage plant spe-
cies may differ in relation to their effects on C. nutans establishment. These
effects are, however, not consistent across bioassays, probably because aqueous
extract and leachate bioassays assess the potential of material to release soluble
compounds over a comparatively short period, while decomposition-based bioas-
says evaluate longer-term processes that affect plant growth and may involve
soil microorganisms.

Correlative Evidence for Allelopathy. The coefficients of determination (R%)
values between the principal component scores for the 10 forage plant species
{(based on principal components summarizing the data for each of Tables 1-4)
and the effects of the same 10 species on C. nutans in field plots were often
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TaBLE 4. ErrecT oF GrASS AND LEGUME TiSSUE MIXED WITH SOIL ON EMERGENCE AND
GrowTH OF Carduus nutans®

0.2% tissue concentration” 0.8% tissue concentration

Tissue type and

species TES SE S R S/R TE SE S R S/R

Shoot tissue
D. glomerata 103 11! 151 186 81 131 156 184 119 155
P. aquatica 103 114 172 164 105 91 88 250 176 142
B. wildenowii i14 107 155 165 94 137 146 166 127 131
L. perenne 114 132 147 146 104 92 93 232 164 141
F. arundinacea 117 118 157 184 85 148 143 157 89 176
H. lanata 143 150 153 152 102 it 110 213 136 157
M. sativa 95 103 130 174 75 77 79 126 184 68
T. pratense 69 70 61 55 111 69 65 51 58 88
T. subterraneum 82 80 92 101 91 95 96 72 102 71
T. repens 87 85 76 98 78 74 72 77 110 70
Peat moss 105 113 127 156 81 128 116 128 154 83
Tukey's h.s.d.” 56 62 48 80 39 54 53 93 93 33
Root tissue

D. glomerata 120 125 120 148 81 128 143 145 142 102
P. aquatica 100 103 132 147 90 137 155 180 i71 105
B. wildenowii 160 166 88 92 96 148 150 126 125 101
L. perenne 94 99 89 94 94 80 79 86 89 97
F. arundinacea 17 129 104 103 101 123 114 {72 173 99
H. lanata 14 127 82 77 106 126 133 91 94 97
M. sativa 105 110 108 158 68 72 68 118 148 80
T. pratense 90 93 105 116 91 64 67 97 128 76
T. subterraneum 85 81 132 195 68 59 67 112 150 75
T. repens 80 77 93 99 94 36 38 105 119 88
Peat moss 105 13 127 156 81 128 116 128 154 83
Tukey’s h.s.d.” 50 66 55 82 30 60 67 62 80 30

“ All data expressed as (treatment value/control value) X 100; controls used for this calculation are unamended.

?Weight/weight.

“TE, total emergence of seedlings; SE, speed of emergence index; S, final shoot weight; R, final root weight:

S/R, shoot-root ratio.
“Tukey’s honestly significant difference at P = 0.05.

very highly significant (Table 5). This result provides strong support for the
likelihood of allelopathy occurring in the field experiment of Wardle et al.
(1995), in that over 50% of the variation in C. nutans seedling mortality (i.e.,
those C. nutans plants that died before flowering) and the proportion of
C. nutans plants that flowered as annuals (i.e., those that reached sufficient size
in their first year to flower rather than persist as biennials) in field plots could
be explained by each of the four bioassays. Further, the decomposing tissue
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bioassay also explained over 80% of the variation in capitula number produced
per C. nutans plant across the 10 sward types in the field, suggesting that
allelopathy is important in regulating the final size that C. nutans plants reach
when they flower and, hence, their potential reproductive fitness (or output).
Essentially, the same pattern was observed when the results of the four bioassays
were compared with the effects of the same 10 species on C. nutans in glasshouse
competition experiments [data from Wardle et al. (1992b)]—C. nurans shoot
weight, root weight, plant diameter, and seedling emergence all showed a con-
sistent relationship with each of the four principal components. The principal
component summarizing the results of the soil toxicity bioassay study of Wardle
et al. (1991) did not, however, show strong relationships with either the field
or glasshouse competition experiments.

It should be noted that for two of the bioassays (aqueous ex*ract and decom-
posing tissue), some donor species stimulated C. nutans, while the same species
inhibited C. nutans in the studies of Wardle et al. (1992b. 1995). However, in
competition experiments. both allelopathy and resource competition can occur
simultaneously (see Nilsson, 1994), and it could be expected that resource com-
petition by forage species suppresses C. nutans growth, so that the overall eftect
of forage species on C. nutans would be considerably more negative than would
be predicted by an allelopathy bioassay.

One of the principal criticisms of the allelopathy hypothesis is the supposed
failure of bioassay results to correlate with those of field studies or observations
[interestingly, the same demands are not usually made for experiments testing
for resource competition; see discussion by Williamson, (1990)]. Moreover, the
failure of Stowe (1979) to detect a statistical relationship between allelopathy
bioassays for seven species and the field patterning of the same seven species
is often used as evidence against the allelopathy hypothesis (see, e.g., Keeley,
1988). Our results differed from those of Stowe (1979) in that we were able to
detect a statistical relationship; however, this may be due to important differ-
ences between the two studies. In our study, the experimental field plots con-
sisted of comparatively pure swards of each of the 10 species, enabling
allelopathic compounds of only one species to dominate in each plot. It is
therefore possible that this accumulation of allelopathic components can be sim-
ulated in a bioassay if an appropriate concentration of tissue is used. Stowe’s
field site, in contrast, consisted of a diverse range of species, and it is unlikely
that any one species would ever reach sufficient dominance for its allelochem-
icals to dominate subsequent interactions. We propose that effective and con-
sistent allelopathic inhibition of one species by another is more likely to occur
in communities of low species richness where the nature of the soil biochemistry
is likely to be determined by a dominant plant species. Christensen and Muller
(1975) detected a statistically significant relationship between the differential
response of 10 herbaceous species to the chaparral shrub Adenostema fasciculata
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H.&A. in field conditions and their response to the allelopathy bioassays of
A. fasciculata. Their experiment also supports our hypothesis, since individual
A. fasciculata shrubs would be much larger than individuals of the other species
present and would therefore be more likely to have a dominating effect on the
soil biochemical composition. We are aware that correlation does not mean
causation, but we believe that our results help to refute one of the main criticisms
of allelopathy bioassays—that their results do not correlate well with observed
vegetation patterns.

Comparison of Effects and Responses. The results of our study can also be
used, via a comparative approach, to test hypotheses relating to whether species
that are more allelopathic are also those that are less sensitive to allelopathic
effects of other species. Values of R? for allelopathic effects against C. nutans
vs. allelopathic response to C. nutans across the 10 forage species revealed
weak and inconsistent relationships (Table 6). In studies of plant competition,
it has often been demonstrated that effect and response are inversely correlated
(Goldberg and Fleetwood, 1987; Miller and Wemner, 1987; Panetta and Randall,
1993) and that a competitive hierarchy therefore exists. No such relationship
was detected in the present study, meaning that the two components of allelo-
pathy (effect and response) are unrelated and that there is little evidence for an
allelopathic hierarchy. If such a hierarchy does not exist, it could be expected
that wherever allelopathy is important in field conditions, species spatial pat-
terning would be much less predictable than in circumstances where competition
is important.

Implications for Biological Control. One of the most promising applications

TABLE 6. COEFFICIENTS OF DETERMINATION (R%) FOR RELATIONSHIPS BETWEEN PRINCIPAL

COMPONENTS SUMMARIZING Bloassay Data FOR ALLELOPATHIC EFFECTS OF 10 FORAGE

SPeCIES AGAaINST Carduus nutans AND RESPONSE OF Sami 10 SPECIES TO ALLELOPATHIC
Errscts ok C. mutans®

Principal component summarizing effect of forage
species on C. nutans for bioassays of

Principal component

summarizing response of Aqueous Agqueous

forage species to Aqueous shoot root Decomposing Residual
C. nutans for bioassay of extracts leachates leachates tissues soil”
Agqueous extracts 0.346 0.116 0.471* 0.494* 0.241
Aqueous shoot leachates 0.436* 0.169 0.139 0.476* 0.197
Decomposing tissues 0.246 0.319 0.038 0.006 0.017

“Response data from Wardle et al. (1993).
“Data from Wardle et al. (1991).
Ckoekopik = R s significantly different to 0 at P = 0.05, 0.01, and 0.001, respectively (for 8 df).
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of allelopathy is for biological control of weeds (Altieri and Doll, 1978; Lovett,
1990). Our phytometer species, C. nutans, is a serious weed in many temperate
regions, including New Zealand (Popay and Medd, 1990), where it aggressively
competes with forage plants and reduces potential production available for live-
stock (Thompson et al., 1987). In our previous field study (Wardle et al., 1995)
we demonstrated that interference from forage species was extremely important
in regulating C. nutans population density, growth rate, and reproductive output
of individual plants. The present study has provided evidence, through the use
of a comparative approach, that this inhibition has an allelopathic basis and that
forage species and cultivars with strong allelopathic effects may have a consid-
erable and largely unrealized potential in the management of problematic weed
species such as C. nutans.
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