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Does allelopathy explain the invasiveness of Campuloclinium
macrocephalum (pompom weed) in the South African

grassland biome?
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Abstract Campuloclinium macrocephalum is an
Asteraceous alien weed that invades roadside vege-
tation and grassland in South Africa. The role of
allelopathy and competition in its invasiveness was
investigated using Eragrostis curvula (weeping love-
grass, an indigenous grass), E. tef and Lactuca sativa
(lettuce) as test species. Trials were conducted in
Petri-dishes, pots and in the field. Root and shoot
extracts of adult C. macrocephalum plants did not
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inhibit seed germination in any test species. The
greatest effect was radicle stunting produced by leaf
extracts at 10 and 25% w/v. Eragrostis curvula was
less tolerant of the extracts than E. fef. Allelopathic
effects could however not be confirmed in pot trials
evaluating the interference potential of the weed or
weed residue effects against E. curvula. E. curvula
growth and biomass was not affected by plant
densities of one or five C. macrocephalum per pot,
whereas C. macrocephalum suffered a 17% mortality
and density-dependant trade-offs of size and biomass
for survival. Under field conditions C. macroceph-
alum had a broader ecological niche than E. curvula,
invading hygrophilous and undisturbed grasslands not
amenable for E. curvula establishment, this included
well drained disturbed soils on which the latter
proliferated. Evidence of competitive exclusion of
E. curvula by C. macrocephalum or vice versa was
not detected. The coexistence of both species irre-
spective of relative density suggested these species
have different resource requirements. Allelopathy
was not an adequate causal mechanism to explain
invasiveness in Campuloclinium macrocephalum. A
more traditional hypothesis such as the absence of
natural enemies, at this stage, better justifies the
weed’s invasion success.

Keywords Interference - Density dependence -

In vitro assays - Pot trials - Grassland belt transects -
Eragrostis species - Lettuce - Grass ecological
response groups
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Introduction

Campuloclinium macrocephalum (Less.) DC (=Eup-
atorium macrocephalum Less.), family Asteraceae
tribe Eupatorieae, originates from South America
(Williams 1976; Cabrera 1978; Breedlove 1986) and
has recently become a major invader of roadsides,
grassland, savanna and wetland ecosystems in South
Africa (Fig. la). The plant is a perennial herb that
produces several annual stems up to 1.3 m in height,
developing from perennating buds on a woody
rootstock below the soil surface. The plant’s total
biomass places considerable investment in under-
ground structures and during winter all of the living
biomass occurs below the soil surface (rootstock and
roots), the stems having died off. The root system
consists of clusters of thickened tuber-like roots. The
common name “pompom weed” is attributed to the
puffy pink blossoms borne throughout summer
(Fig. 1b). According to the South African Plant
Invader Atlas (Henderson 2007), pompom weed
may be considered a pioneer species favouring
disturbed habitats, with most of the locality records
in Gauteng Province (n = 1,337) at the time of the
study occurring along roadsides. Only 107 (8%)
records were of infestations in adjacent grassland
(n = 88) or savanna (n = 19).

The earliest herbarium record is of a specimen
from Johannesburg collected in 1962. More frequent
occurrences around Pretoria appeared from the mid
1960s and since then the plant has become conspic-
uous in grasslands in Gauteng Province, with out-
breaks also occurring in surrounding provinces
(Henderson 2001). The plant is a declared weed
under the South African Conservation of Agricultural
Resources Act of 1983, Act 43 of 1983. It remains a
mystery as to why, how and when the plant arrived in
South Africa. It was never propagated commercially
by nurseries; however, there are anecdotal accounts
of cut-flowers being sold around Pretoria, presumably
from naturalised populations in the wild. We spec-
ulate the plant was introduced as a garden ornamental
on a small scale or accidentally, e.g. as a contaminant
of clothing or cargo. To our knowledge the species
has not been cultivated in other countries outside of
its native range, nor has it been reported invading
other parts of the world.

As with other members of the tribe Eupatorieae
that have spread exponentially after naturalisation in
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South Africa, e.g. Chromolaena odorata (L.) R. M.
King & Robinson (chromolaena) (Goodall and Eras-
mus 1996), pompom weed is rapidly expanding its
range in grassland and savanna regions since its
introduction (Henderson et al. 2003; Henderson
2007). A key difference in the invasion potential of
the two species is that chromolaena is frost-sensitive
and is restricted to altitudes below 1,000 m, whereas
pompom weed occurs from the KwaZulu-Natal coast
to the central interior of the Highveld, an altitudinal
gradient of ca. 2,000 m. Pompom weed is thus a
serious threat to grassland and savanna ecosystems in
southern Africa.

Campuloclinium macrocephalum is a densely
bristly plant (Fig. 1c). Its trichomes consist of rigid
unbranched multicellular hairs and sessile glandular
trichomes. Both types occur on the stems, leaves and
involucral bracts (Retief 2002). Under magnification
both glands and hairs present an unidentified brown-
ish substance and thus, trichomes secreting photo-
toxic substances may play a role in its invasion
success. Such incidences of allelopathy have been
cited as being an important trait for successful
invasion, the so-called “novel weapons hypothesis”
(NWH) (Callaway and Ridenour 2004; Bais et al.
2003). While acknowledging the importance of the
absence of natural enemies in invasion biology, those
authors proposed that certain invader species are able
to transform vegetation because they possess allelo-
chemicals. Under this hypothesis the processes of
adaptation allows natural neighbours to cohabit an
area with an allelopathic species without suffering
negative side effects, but in new environments native
species may be intolerant to the same chemical
compounds responsible for the allelopathic effect.
There could also be neighbourhood effects on overall
community composition and structure with weed
density expansion.

The “novel weapons hypothesis” is not without
contestation. Strong evidence exists refuting the role
of (—)-catechin, the phytotoxin principally used in
building a case for the NWH as an allelochemical
promoting invasiveness of spotted knapweed (Cen-
taurea maculosa Lam.). Blair et al. (2005) found no
measurable catechin in soils of spotted knapweed
sites using new methods to quantify catechin. Duke
et al. (2009a, b) refuted the mode of action of
catechin causing damage by oxidation, claiming it to
be a strong antioxidant that is rapidly denatured by
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Fig. 1 Campuloclinium macrocephalum (pompom weed) showing (a) an infestation in grassland, and close-ups of (b) flowers and

(c) bristly stems and leaves, yellowing due to autumn senescence

extracellular root enzymes. Furthermore these
authors showed catechin to be poorly phytotoxic to
several plants species in bioassays without soil and in
a dose—response experiment in soils from areas where
spotted knapweed is found, the lowest dose for a
growth reduction was still much higher than that
observed in nature.

Harper (1977) refuted the role of allelopathy in
plant interactions, calling experiments that testify to
allelopathic effects “laboratory artefacts” stating

categorically that “any species can, by appropriate
digestion, extraction, and concentration, be persuaded
to yield a product that is toxic to one species or
another.” It is now well established that allelopathic
effects from laboratory studies should only be
accepted if they are supported by field experiments
(Stowe 1979; Foy 1999). Under field conditions
organic toxins produced by an allelopathic species
could be rendered unavailable to neighbouring spe-
cies or broken down by the combined interactions of
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soil texture, organic matter, temperature, irradiance
and microbial breakdown. Most allelopathy experi-
ments fail to take this crucial step of in-field
validation. Any studies that claim allelopathy under
laboratory conditions are potentially rejecting a true
null hypothesis. Hypotheses such as “novel weap-
ons” (Callaway and Ridenour 2004) cannot be
supported if the basis for allelopathy hinges on in
vitro experimentation involving extracts or leachates
alone.

The factors or mechanisms causing or facilitating
the invasion of pompom weed into grassland are not
yet understood. In this paper the role that allelopathy
and competition play in the weed’s ability to invade
grassland is examined from an ecological perspec-
tive. We hypothesize that compounds in pompom
weed and/or the weed’s competitive ability may
affect the germination, growth, survival and recruit-
ment of native grasses and forbs in invaded commu-
nities. The findings are presented in three
experimental approaches summarised below in the
determination of the relative importance of allelop-
athy and competition in pompom weed.

1. Bioassays (two tests): seeds of test species
exposed to pompom weed extracts in vitro in
Petri dishes to establish the allelopathic potential
of pompom weed on the seed germination and
early seedling development of (a) a perennial and
an annual grass species and (b) a representative
of sensitive broadleaf species.

2. Pot studies (two tests): (a) establish the role of
interference in pots by growing pompom weed
with the most sensitive species from point one
above, and (b) establish the role of crop residues
by growing the most sensitive species from point
one above in pots containing plant remains.

3. Field investigation: Observe the relation, associ-
ation and interaction between the frequency and
density of pompom weed with the perennial
grass species from point one above and grass
ecological response groups in Highveld
grassland.

Materials and methods

We chose three test plants for this study. Eragrostis is
a dominant genus in grasslands throughout South
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Africa, with Eragrostis curvula (Schrad.) Nees (weep-
ing lovegrass) being one of the most common peren-
nial indigenous grass species (Acocks 1953). Seed of a
naturally occurring strain (cv. Ermelo) (Rhind 1973) is
commercially available making it a popular species for
site rehabilitation, reclamation and as a pasture species
(Campbell 2000). Both E. curvula and pompom weed
favour disturbed roadsides and grasslands (Gibbs
Russel et al. 1990; Henderson et al. 2003). Both
species are strongly rooted; the fibrous root system of
E. curvula is extensive, exploiting soil depths of up to
5 m (Gomes and Asaeda 2009). In our study E. curvula
and pompom weed were found in grassland sites
(n = 80) with a range of soil types (7-62% clay), soil
pH-KCI (3.78-6.51), acid saturation (1-68%) and soil
depths, including sites where plants were growing in
exposed subsoil resulting from soil erosion. Eragrostis
curvula seed also germinates under high levels of soil
sodium (Ryan et al. 1975), making it amenable to a
wide variety soil conditions (Foy et al. 1980).
Eragrostis curvula was the most sensitive indicator
species for interference in biomass production in-field
trials involving Parthenium hysterophorus L. (van der
Laan et al. 2008).

We propose that E. curvula is a good candidate to
test for allelopathy in pompom weed as both species
have the potential to be equal competitors under
disturbed conditions, but having the ability to use
allelochemicals could shift the balance in favour of
the phytotoxic species, leading to a reduction in the
co-competitor species. This knowledge is not only
important in the field of invasion biology but also has
financial and ecological implications on commercial
rangelands and conservation areas in South Africa.
To compliment this we also included an annual grass,
E. tef (Zucc.) Trotter, a commercially available non-
invasive native of East Africa. Lettuce (Lactuca
sativa L.) was selected to represent a sensitive
broadleaf species as it is widely used as a test plant
in allelopathy experiments (Satoh et al. 1989; Viles
and Reese 1996; Junttila 2006).

Bioassays

Test One: Extracts applied to seeds of Eragrostis
species

Aqueous extracts from the roots and shoots of
pompom weed were assayed at 1, 10 and 25% w/v
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(fresh weight) for their effects on germination and
early seedling development (radicles and coleoptiles)
of E. curvula and E. tef. Adult pompom weed plants
with roots and shoots intact were harvested from an
infestation in Highveld grassland. Roots and shoots of
pompom weed were separated and chopped into
10 mm sections. Root and leafy shoots were weighed
separately into 2.5, 25 and 62.5 g portions and put
into flasks containing 250 ml of distilled water to
obtain extract concentrations of 1, 10 and 25% w/v.
Flasks were placed in a growth chamber and left to
infuse in the dark for 48 h at 20°C, then filtered
through Whatman No. 1 filter paper (particle reten-
tion 11 pm) directly before applying the treatments.

Extracts were tested on certified seed of E. curvula
(cv. “Ermelo”) and E. tef (cv. “Rooiberg”). Test One
comprised 14 treatments consisting of three concen-
trations (1, 10 and 25% w/v) of root and shoot
extracts and a distilled water control on the two
Eragrostis species. Seeds were germinated according
to the International Seed Testing Association (ISTA)
standards. Eragrostis curvula and E. tef were germi-
nated in separate growth chambers at alternating
temperatures of 20/35°C and 20/30°C, respectively,
each with an 8 h day length. “Cool white” fluores-
cent tubes provided light with a spectral irradiance of
11 Wm™2,

Seeds were placed onto two layers of Anchor’s
seed germination paper circles moistened with extract
in Petri dishes (9 cm diameter). Petri dishes were
sealed in clear Ziploc plastic bags to maintain optimal
moisture conditions and checked every alternate day
for signs of desiccation. Germination paper was
watered with extract by eyesight and not by volume if
visual wetness was below the standard wetness after
watering. Standard wetness was obtained by first
moistening the filter paper and then holding the Petri
dish in a slanting position in order to drain out the
excess fluid. The approximate volume to obtain
standard wetness on unsoiled (dry) germination paper
is about 2-3 ml. Extracts were refrigerated at 5°C for
the 10 day duration of the experiment after the initial
treatment applications.

Each treatment was replicated three times with 50
seeds per replicate. Treatments and replicates were
randomised. Radicle and coleoptile lengths of devel-
oping seedlings were measured (mm) on two occa-
sions for each species, after 5 and 10 days for E. tef
and 7 and 10 days for E. curvula. Measured seeds

were discarded. The trial was concluded on the 10th
day with the second measurement of the remaining
seeds of both species. Germinating seeds were also
rated for abnormalities such as missing or defective
radicles and coleoptiles. Seeds that had not germi-
nated were accepted as dormant, dead or infertile, but
lumped into the infertile category due to the
difficultly of evaluating viability of small seeds. Data
from the 10-day test period was pooled according to
species and organs (coleoptiles and radicles).

Test Two: Extracts applied to lettuce seeds
(Lactuca sativa)

Fresh pompom weed material collected in the wild
was separated into roots, leaves and flowers. Plant
parts were milled fresh and an extraction matrix was
prepared with two solvents; water and hexane. Water
has a strong polarity, while hexane is non-polar.
These widely differing polar properties should result
in a wide range of chemicals extracted from the plant
material immersed in them. Hexane was used to
determine if extract solubility is a factor in the
potential allelopathy of pompom weed. The extrac-
tion matrix was made up of plant parts and solvents at
a standard concentration of 50 g plant material:
200 ml solvent and allowed to soak for 72 h. Extracts
were then centrifuged, filtered through Advantec No.
2 filter paper and diluted 1:10 with ultrapure water in
order to ameliorate any inherent toxicity in the
solvent. The experiment also included solvent con-
trols, viz. ultrapure water and a 1:10 concentration of
hexane in ultrapure water. Seeds were germinated
according to the ISTA standards. Extracts were
applied to lettuce seeds (cv. Commander) in Petri
dishes in the same manner as Test One and germi-
nated in a growth chamber at 15/23°C with a day
length of 12 h. Treatments were replicated three
times with 50 seeds per replicate. Treatments and
replicates were arranged in a randomised block
design. The trial was terminated after 3 days with
the measurement of radicle lengths.

Pot studies
We report on two pot trials, i.e. interference (Test
Three) and crop residue (Test Four) studies, follow-

ing an account of pot preparation and fertigation
procedures. The potting medium was a mixture with
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equal quantities by volume of palm peat, vermiculite
and potting soil in pots with a diameter and depth of
20 cm. Both experiments were conducted in a tunnel
with overhead fertigation. Pots received equal
amounts of moisture and nutrients. Pots were watered
for 10 min four times a day between 08HOO and
15H00. Overhead jets were calibrated to deliver
3 ml s™' m~? nutrient enriched solution at a pressure
of 200 kPa. Calcium nitrate (N 15.6%, Ca 21.0%)
was applied twice a week at a rate of 1 g 17" with an
electrical conductivity (EC) of approximately
120 mS/m. A complete fertilizer (N 5%, P 4%, K
20% plus micro nutrients) (National Plant Foods)
especially developed for plants grown in a pre-
enriched composted growing medium was applied
thrice weekly at the same rate and EC as calcium
nitrate. Calcium and phosphorus were applied sepa-
rately to avoid a calcium phosphate precipitate. An
agricultural disinfectant/plant sanitiser with didecyl
dimethyl ammonium chloride 120 g 17" was applied
twice a week at a rate of 2 ml per 100 I of water to
prevent disease. The moisture content of the growing
medium could not be determined but plants were
healthy and did not show signs of moisture stress or
nutrient deficiencies.

Test Three: Interference study

Eragrostis curvula and pompom weed were grown
together in pots to measure the effects of interference
(competition + allelopathy) on the dry matter yield
of both species. Achenes were collected from
C. macrocephalum infestations and refrigerated at
5°C for 1 week to break a potential physiological
dormancy (Baskin and Baskin 2004). Seeds were then
stored under dry ambient conditions at room temper-
ature for 6 months. Achenes with pappus attached
were germinated in Petri dishes in a growth chamber
at 12 h dark/light (spectral irradiance 11 Wm™?)
and 15/28°C, respectively. Germination was first
observed after 6 days. Pompom weed seedlings were
then transplanted into pots at the two-leaf stage at two
densities, one or five plants. Eragrostis curvula cv.
Ermelo was sown at a fixed rate of 0.05 g/pot
(15 kg/ha) as the companion species once the pom-
pom weed seedlings had developed to the four-leaf
stage (=1 cm in height). Five treatments were tested
in a simple additive design:
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e E  curvula with one or 5 pompom weed
(Cm14Ec; Cm5+Ec): mixtures.

e E. curvula control (Ec): monoculture.

e Pompom weed controls with one or 5 plants
(Cm1; Cm5): monoculture.

Test Three was completely randomised with six
replicates per treatment. Plants were harvested after
5 months. Roots of whole plants were placed on a
coarse sieve and rinsed under running water to
remove growth medium. Plant material was then
oven-dried at 80°C for 4 days and the dry mass
(g; DM) of shoots and roots were recorded separately.

Test Four: Crop residue study

Eragrostis curvula was grown in potting medium in
which pompom weed or E. curvula monocultures had
previously been grown to measure the effects of plant
remains of both species on the dry matter yield of
E. curvula. For this purpose the pompom weed and
E. curvula control pots from the interference study
(Test Three) were used once these plants had been
harvested. Eragrostis curvula cv. Ermelo was the
only species tested and was sown at the same rate.
The five treatments were:

e E. curvula in medium containing the remains of
one and 5 pompom weeds (1R; 5R).

e E. curvula in medium containing the remains of
one and 5 pompom weeds plus milled material of
one and 5 C. macrocephalum plants (1IRM; SRM).

e E. curvula in medium containing the remains of
E. curvula (Control, C).

Upon conclusion of Test Three, oven-dried pom-
pom weed was milled into 1 mm particles and
bagged. Milled material was applied as a layer
10 mm below the surface of the growing medium at
dosages of 15 g/pot for the single (1RM), and 30 g/
pot for the five weed (SRM) treatments. A delay of
approximately 1 week occurred between harvesting
plants from Test Three and the start of Test Four.
Eragrostis curvula was sown in mid-summer, 1 day
after the addition of the milled pompom weed
material, and harvested after 4 months when growth
had ceased in winter. Eragrostis curvula was oven-
dried, weighed and analysed in the same manner as
Test Three.
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Field investigation

Vegetation assessments were carried out in 80
invaded grassland sites in Gauteng province. Belt
transects of 100 m were laid out in infestations with a
weed density ranging from 1 pompom weed per
transect to several plants m2. The spike-point
method was used to determine proportional species
composition from 200 nearest-to-point plant identifi-
cations collected at 0.5 m intervals along the transect.
Pompom weed density per transect was determined
by counting rooted plants in 100 contiguous 1 x 1 m
quadrats.

Native grasses were grouped into ecological
response groups according to their response to the
intensity and frequency of defoliation (Dyksterhuis
1949; Camp and Hardy 1999), primarily through
grazing. The five groups identified consisted of non-
response (NR), Decreaser (D), Increaser 1 (il),
Increaser 2 (i2) and Increaser 3 (i3) species. Dom-
inant species are parenthesised. Non-response species
in this case were grasses that are adapted to growing
in soils that are permanently or seasonally water-
logged and are not strongly influenced by grazing
(Leersia hexandra Swartz and Imperata cylindrica
(L.) Raeuschel). Decreaser species were those that are
abundant in grassland in good condition, but decrease
when the sward is over or undergrazed (Brachiaria
serrata (Thunb.) Stapf, Diheteropogon amplectens
(Nees) Clayton and Themeda triandra Forssk.).
Increaser 1 dominance is indicative of underutilisa-
tion (Hyparrhenia hirta (L.) Stapf, Schizachyrium
sanguineum (Retz.) Alst. and Trachypogon spicatus
(L. f.) Kuntze). Increaser 2 dominance is caused by
sustained overgrazing (Cynodon dactylon (L.) Pers.,
E. curvula and Heteropogon contortus (L.) Roem. &
Schult.) and Increaser 3 species dominate under
sustained selective grazing pressure (Aristida junci-
formis Trin. & Rupr., Elionurus muticus (Spreng.)
Kunth and Sporobolus africanus (Poir.) Robyns &
Tournay). We report on the interactions between
pompom weed, Eragrostis curvula and grass ecolog-
ical response groups.

Data analysis
Trials involving Petri dishes (Bioassays) and pots

(Pot Studies) had randomised block designs. Data
from these experiments were subjected to analysis of

variance (ANOVA) followed by Tukey post hoc tests
for means (x = 0.05). Data from vegetation assess-
ments were summarised using regressions and simple
charting. The computer software used for the anal-
yses were Statistica 6.1 (StatSoft Inc. 2004) and
Blossom version W2005 for the quantile regressions
(Cade and Richards 2005).

Results
Bioassays

Test One: Extracts applied to seeds of Eragrostis
species

Differences in germination percentages occurred
between extracts in the E. curvula test; however,
none of the treatments were significantly different to
the control (P > 0.207). Germination inhibition did
not occur in E. tef (P = 0.105). Both species
produced germination rates above 80% in all treat-
ments, well above the 70% minimum permissible for
commercial seed (ISTA rules). Radicles of both
E. curvula and E. tef were more sensitive than
coleoptiles to extracts; the latter were not signifi-
cantly different from the control treatments. Root
extracts had a negligible effect on radicle size and
appeared to have stimulated their growth (Fig. 2), but
this effect was not significant. Shoot extracts had a
detrimental effect on radicle size, aggravated by
increasing extract concentrations. In E. curvula
significant radicle-stunting was produced by both
10% and 25% shoot extracts (P < 0.01). Radicle
stunting only occurred in the 25% shoot extract
treatment in E. tef (P = 0.017).

Relative tolerances of E. curvula and E. tef to
extracts were compared after transforming radicle
and coleoptile data into incremental values (treat-
ment—control); where E. curvula and E. tef controls
both equal zero for their respective treatments
(Fig. 3). Treatment by species interactions were
significant for radicles (F 25y = 4.23, P = 0.004)
but not for coleoptiles (P = 0.051). The 25% shoot
extract was the only treatment that produced differ-
ences between the two species, with E. curvula
producing smaller radicles (P < 0.001) than E. fef.

Seedling abnormalities were detected but there
was no significant difference between species. Main
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Length (mm)
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Extract treatments

Fig. 2 Growth of radicles and coleoptiles of (a) Eragrostis
curvula and (b) E. tef after 10 days exposure to three aqueous
extract concentrations (1, 10 and 25%) from the roots (R) and
leafy shoots (S) of Campuloclinium macrocephalum. Eragros-
tis species are presented separately because (a) E. curvula was

10

[0 Ec-rad O Etrad O Ec-col O Et-coll

Increment (Treat. - Cont.)

20 4
Control R-1%  R-10% R-25% S-1%  S-10% S$-25%
Treatments

Fig. 3 Relative tolerance (mean + SE) of germinating radi-
cles (rad) and coleoptiles (col) of Eragrostis curvula (Ec) and
E. tef (Et) seeds that were exposed to three concentrations (1,
10 and 25%) of aqueous extracts from the roots (R) and shoots
(S) of Campuloclinium macrocephalum. Increment was used to
measure and compare relative tolerance by subtracting the
mean control size (mm) from mean treatment size (mm) in
radicle and shoot categories in each replicate. The critical
range g (o« = 0.05, v = 28, k = 7) is applicable for all groups
in the legend

abnormalities included missing radicles, defective
radicles and coleoptiles and spindly seedlings. The
greatest incidence of abnormalities, 49.4 and 75%,
occurred in the 10 and 25% w/v shoot extracts,
respectively (F28) = 12.34, P < 0.001), while the
remaining treatments were not significantly different
from the distilled water control.

Test Two: Extracts applied to lettuce seeds (Lactuca
sativa)

Interactions between solvents (hexane, water) and

plant tissues were not responsible for eliciting
significant differences in the germination or radicle
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Length (mm)

(b) Eragrosits tef
q 005

Cont R-1% R-10% R-25% S-1% S-10% S-25%
Extract treatments

grown under temperatures of 20/35°C while (b) E. tef was
grown at 20/30°C. Means are presented with their respective
standard errors and the critical range g of the Tukey post hoc
test (o = 0.05, v = 14, k = 7) (Zar 2003)

development of lettuce seeds. The average germina-
tion percentage was 90.4%, with the distilled water
control achieving a maximum of 96.6% and the
hexane control a minimum of 80.6%. The largest
mean radicle size was observed in root extract in
water but was not significantly larger than the
smallest radicles emerging from the leaf extract in
water. Flower, root, and to a lesser extent leaf
extracts, in hexane and water had little effect on
germination and root elongation of lettuce seeds at
the concentrations tested. Water soluble and insoluble
extracts from the below and/or ground structures of
pompom weed do not appear to be inhibitory to the
germination and early seedling development of
lettuce.

At this juncture it is not certain what extract
concentration of pompom weed may be realistic to
reflect an allelopathic effect in nature. Pot trials using
the most sensitive indicator species, in this instance
E. curvula, were carried out to determine whether
potential allelopathy from the pompom weed extracts
was repeated under more natural conditions by
growing both species together with nutrient
supplementation.

Pot studies
Test Three: Interference study

Pompom weed grown at one or five plants per pot and
planted with E. curvula at a fixed sowing rate did not
affect the DM yield of roots or shoots of the latter
(Fig. 4). The yield of pompom weed roots
(Fz20) = 19.45, P < 0.001) and shoots (F = 6.66,
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20{ [q005

Dry mass (g)

Cms Cmb5+Ec Ec

Cmi1 Cm1i+Ec

Treatments

Fig. 4 The effect of intra and interspecific interference on the
dry matter yields (mean =+ SE) of roots (-r) and shoots (-s) of
Campuloclinium macrocephalum (Cm) and Eragrostis curvula
(Ec) in pots at 5 months after planting. Campuloclinium
macrocephalum was planted one (Cml) and five plants
(Cm5) per pot, with and without E. curvula sown at a rate of
0.05 g per pot. The treatments Cml, Cm5 and Ec are pure
stands of weed and grass, respectively. The critical range ¢
(x = 0.05, v =120, k = 4) is only applicable for weed root
(Cm-r) and shoot (Cm-s) groups. Eragrostis curvula root and
shoot yields were not significantly different (« = 0.05, v = 20,
k=3)

P = 0.003) when planted with E. curvula differed
significantly. Grass interference reduced root and
shoot production of pompom weed by 75% in
Cml+Ec and 45% in Cm5+Ec. The 5-plant control
(Cmb5) collectively produced almost double the root
DM of the single plant treatment (Cm1) (P = 0.002).
Shoot yields between the two pompom weed controls
was not significantly different (P = 0.392) but total
DM was 70% greater in the S5-plant treatment
(P = 0.010). Mixtures followed a similar pattern.
Pompom weed died in one replicate of the Cm1+Ec
treatment (17% mortality) and its remains at the time
of harvesting were one-tenth the size of the other
samples in treatment. Variation in the type (intra vs.
interspecific) and intensity (plant density) of interfer-
ence had little affect on resource allocation, i.e. root-
shoot ratios, in either pompom weed (P = 0.513) or
E. curvula (P = 0.133). This suggests a history of
independent adaptation of both species to plant
community competition on separate continents. The
ability of both species to coexist in a confined growing
space offers little evidence to support phytotoxicity in
either species.

Relative interference on net pompom weed pro-
duction from intraspecific, interspecific and absolute
competition (total biomass = pompom weed +
E. curvula) was determined by comparing the mean

o
J

W Root
O Shoot

Jo.os

Dry mass of single plants (g)

Cm1i+Ec Cm5 Cmb5+Ec
Treatments

Cm1 (CG)

Fig. 5 The effect of intra and interspecific interference on the
dry matter yields of individual Campuloclinium macroceph-
alum grown at one (Cml) or 5 (Cm5) plants per pot, with or
without Eragrostis curvula (Ec). Values are represented as
means with their respective standard errors and the critical
range g (o = 0.05, v = 20, k = 4). The control group (CG) is
significantly different to all the other treatments

weights of pompom weed individuals (Fig. 5). Intra-
specific interference (Cm5) reduced root and shoot
dry matter yields by 62 and 71% respectively.
Combined intra- and interspecific (with E. curvula)
interference caused a 78-85% reduction in pompom
weed root and shoot DM. Significant differences were
detected between root (Fz20y = 19.22, P < 0.001)
and shoot yields (F(z20) = 19.0, P < 0.001). Roots
and shoots of Cm1 (control group) were significantly
heavier than those of individual plants in all the other
treatments with pompom weed.

Total biomass DM (roots + shoots), i.e. all plant
species per pot, varied significantly (F(4,5) = 14.28,
P < 0.001) between treatments (Fig. 6). A difference
of 70% in weed biomass between single and the
5-plant controls (Cml, Cm5) was considered statis-
tically not significant (P = 0.052), however, Cml
had significantly less biomass than the remaining
treatments (P < 0.01). The grass control (Ec) only
produced significantly more dry mass than Cm1 (P =
0.002). These results indicate that young pompom
weed plants are more sensitive to inter- and intra-
specific interference than is E. curvula, which showed
negligible modulation at differing pompom weed
densities (zero, one and 5 plants/pot). The potential of
increased amounts of phytotoxins onto the compan-
ion species with increasing pompom weed density
was not apparent. Pompom weed densities of one and
5 plants/pot is equivalent to 32 and 159 plants m~>
which is 5 and 25 times larger than the observed
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Fig. 6 The effect of intra and interspecific interference on the
total biomass for all plant species per pot, with or without,
Campuloclinium macrocephalum at one (Cml) or 5 (Cmb))
plants per pot and the test species Eragrostis curvula (Ec)
sowed at a rate of 0.05 g per pot. Mixtures are denoted by the
letter M in brackets. Means are presented with their respective
standard errors and the critical range g (o = 0.05, v = 25,
k=15)

maximum density in the field. Thus the question of
what extract concentration may be realistic to reflect
an allelopathic effect in nature may now not be
relevant. Pompom weed was not allelopathic to
E. curvula, the most sensitive bioassay indicator species,
when both species occupied the same growing space
and shared root and shoot contact; unless allelochem-
icals increase in quantity and/or potency with age.

Test Four: Crop residue study

Pots containing plant remains from monocultures of
pompom weed and E. curvula grown in Test Three
did not have a significant effect on yield of E. curvula
roots, shoots and plant numbers (Fig. 7). Pompom
weed density (1R and 5R) did not have a significant
impact on E. curvula roots (P = 0.071) and shoots
(P = 0.077). The incorporation of milled pompom
weed (1RM and 5SRM) appeared to have mitigated the
effects of the pompom weed remains on E. curvula
production in the high density pompom weed treat-
ment (5R), but the effect was not significant
(P = 0.078). Pompom weed remains were therefore
no more allelopathic than those of E. curvula.

Field investigation
Pompom weed was present at variable densities in all

of the 80 grassland sites sampled but E. curvula was
present in only 67 sites. The relationship between
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Fig. 7 The effect of Campuloclinium macrocephalum residues
(R), C. macrocephalum remains plus dried milled plants (RM)
at planting densities of one or five plants per pot and Eragrostis
curvula remains (Control—C) on the biomass production of
Eragrostis curvula four months after sowing at a fixed rate of
0.05 g/pot. Dry matter yields of E. curvula (bars) roots and
shoots are presented on the first y-axis. The number of
E. curvula plants (line) in pots is presented on the second
y-axis. Means are presented with their respective standard
errors. The critical range g (o« = 0.05, v = 25, k = 4) applies
to all groups in the legend (Wilks 4 = 0.514, F(j261) = 1.457,
P =0.166)

pompom weed frequency (%) and pompom weed
density (m?) based on sites with E. curvula was
significant (Fig. 8). Pompom weed density increased
at a rate of 1.5 plants m~2 with each 10% increase in
pompom weed frequency. Maximum pompom weed
frequency and density at sites where E. curvula was
present were 46% and 6.4 plants m ™2, with a mean
pompom weed frequency and density of 7.5% and 1.3
plants m~? respectively. These data pertain to
pompom weed only.

Y =0.1457x + 0.1705
R®=0.7911

0 10 20 30 40 50
Pompom weed frequency (%)

Pompom weed density (plants m?)
w

Fig. 8 The relationship between pompom weed (Campuloc-
linium macrocephalum) frequency (%) and density (m ™) in 67
belt transects at sites with Eragrostis curvula in Gauteng
Province, South Africa (regression summary: r = 0.889,
r* =0.791, t = 15.69, P < 0.001)
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The linear association between the percentage
frequencies of E. curvula (x-axis) and pompom weed
(y-axis) was judged to be significant (P = 0.015)
(Fig. 9) but the correlation coefficients were weak
(r = —0.297, r* = 0.088) due to heteroscedasticity.
Least absolute deviation (LAD) or quantile regression
was more appropriate at explaining the response of
pompom weed to the limiting function of E. curvula
frequency at the 90th quantile (Fig. 9). Eragrostis
curvula at low frequencies of 0.5-5% appeared to
reduce pompom weed frequency by halving it from
40% (6 plants m™) to 20% (3.1 plants m™). An abrupt
change in the pattern of the relationship occurred
above 5% E. curvula frequency and the trend
flattened, resulting in the next halving of pompom
weed from 20 to 10% at E. curvula frequencies of
40-50%, an increase of 45% in the occurrence of
E. curvula. At the highest observed frequency of 67%
E. curvula seemingly imposed a maximum limitation
on pompom weed frequency of 9% (1.5 plants m™2),
which was not much different to the weed’s fre-
quency at E. curvula frequencies above 30%, and still
a considerable weed density when extrapolated to
15,000 plants ha~'. This indicated a high degree of
coexistence between E. curvula and pompom weed.

The notion of low competing plant abundance of
one species (E. curvula) causing fundamental reduc-
tions in the populations of a second species (pompom
weed), but not when the first species is at higher

50 1

LAD In(y) = -0.309In(x) + 3.471
Qoo Prsr = 0.029, Qgo Pags = 0.036

Pompom weed frequency (%)

Eragrostis curvula frequency (%)

Fig. 9 The relationship between Eragrostis curvula and
pompom weed frequencies in belt transects from 67 grassland
sites in Gauteng Province. The lines depict different regression
models applied to frequency data; viz. least squares regression
(LSR) dashed line and quantile regression (LAD) solid line
where Qgp is the 90th quantile of log-transformed data
(P-values: Prst = Rank Score Test Statistic, Pars = Asymp-
totic Rank Score Statistic)

levels of abundance (Fig. 9) is somewhat contrary to
the concept of density-dependant interspecific com-
petition. In the LAD model 90% of the pompom
weed frequency values (y-axis) were less than or
equal to the function of E. curvula. In essence
E. curvula was a surrogate for the unmeasured factors
limiting at many sites (Cade and Noon 2003).
Furthermore, no association was detected between
pompom weed and E. curvula using contingency
tables (y* = 1.37, df = 1, P = 0.242).

Landuse management at the 80 grassland sites was
summarised into three categories, unutilised land
(54%), rangeland for grazing (41%) and abandoned
fields or old-field successions (5%). The majority of
sites were not grazed (59%) and 39% experienced
under or selective grazing pressure. Overgrazing did
not occur at sites with zero to 0.5% E. curvula, based
on the indicator species present (Fig. 10). Sites where
E. curvula was virtually absent had the greatest
incidence of seasonal flooding or inundation (54%).

Rather than being suppressed by pompom weed,
sites with zero E. curvula (Fig. 10), an i2 species,
were dominated by the grass ecological groups NR
(dominant in wetlands), D (well managed grassland)
and il (moribund grassland). Those groups would
have offered little niche opportunity for E. curvula to
establish. Pompom weed (CM*) and contributions of
the NR-D-il group mosaic declined proportionately
with increasing E. curvula. Wetland grasses (NR

[ENR OD Uil 5i2 @3 WCM|

100% -

80% -

60% -

40% -

20% A

Relative contribution (%)

0%

o

0.5% 1-5%

5.5-44% 44.5-67%

Eragrostis curvula frequency (%)

Fig. 10 The relative contribution of grass ecological groups
and pompom weed to grassland composition in sites along a
gradient of increasing Eragrostis curvula dominance (an
Increaser 2 species), as predicted by quantile regression at
the 90th quantile (P = 0.03; Fig. 9). Group acronyms stand
for: non-responsive (NR), decreaser (D), increaser (il, i2, i3)
and pompom weed (CM*). See “Materials and methods” for
more details
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species) and E. curvula had opposite soil moisture and
drainage requirements, the former being absent in sites
with more than 34% E. curvula, the latter only
achieving dominance in sites without NR species.
Decreaser species were under represented in all
E. curvula frequency categories suggesting selective
grazing or poor management in the past was largely
responsible for their reduction. These rangelands
could have been abandoned due to deteriorating
carrying capacity, based on the evidence that most
sites are presently not utilised. Poor drainage, high soil
moisture and to a lesser extent grazing management
had more to do with limiting the abundance of
E. curvula in some sites than the abundance of
pompom weed.

Discussion

Asteraceous weeds are notorious at producing com-
pounds that kill or suppress neighbouring species under
artificial conditions. For example, P. hysterophorus
(parthenium) contains sesquiterpene lactones, an
important group of compounds involved in allelopathy
(Reinhardt et al. 2004). Leaf extracts of this weed are
apparently strongly phytotoxic to plants, inhibiting
germination and affecting seedling development of
several broadleaf and grass species (Adkins and
Sowerby 1996; Tefera 2002) at concentrations ranging
from 6 to 25% w/v. Reinhardt et al. (2004) in
sequestering parthenin from parthenium found tric-
homes harvested on both leaf surfaces contained almost
100% parthenin but stems and roots contained only
trace amounts of the substance. The water solubility of
parthenin was reported as being low and in this regard,
active compounds accumulated in trichomes of
C. macrocephalum may have remained insoluble in
the aqueous extracts, thereby reducing their allelo-
pathic effect on Eragrostis (Test One). In our study,
extracts of C. macrocephalum exhibited mild allelop-
athy on Eragrostis species at 10 and 25% concentra-
tions by stunting radicles, but produced no detectable
phytotoxic activity causing germination inhibition and
coleoptile abnormalities. At similar concentrations
parthenium had a great impact on seed germination
and plant growth, regardless of the solubility of
parthenin. On the other hand, water insoluble com-
pounds from pompom weed tissues in hexane did not
cause a reaction in the germination of lettuce either.
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Significant variation in the sesquiterpene chemis-
try of P. hysterophorus has been reported from
populations sampled from various regions of its
worldwide distribution (Picman and Towers 1982),
but this should not account for the discrepancies in
magnitude of allelopathy between laboratory and
field studies involving parthenium extracts. Pure
parthenin was considered a weak germination inhib-
itor (Belz et al. 2007) of several African grass species
under natural conditions, including E. curvula (van
der Laan et al. 2008). In spite of parthenium
displaying strong laboratory allelopathy (Adkins
and Sowerby 1996; Tefera 2002), Belz et al. (2009)
discovered that parthenin is not sufficiently persis-
tent, phytotoxic, or bioavailable in natural soils “to
cause an allelopathic effect that could contribute to
the invasiveness of parthenium.” Given the invasive-
ness of parthenium under soil and environmental
conditions favouring the degradation of parthenin,
Belz et al. (2009) speculated that self-stimulatory
allelopathy rather than inhibitory allelopathic inter-
actions may assist the species in forming dense
monotypic stands.

In our study E. curvula was a more sensitive
indicator species of allelopathy than E. tef, confirmed
by studies on parthenium on a range of native
perennial grass species (van der Laan et al. 2008).
Results from in vitro experiments were not convinc-
ing when one considers extracts did not inhibit
germination in any of the test species and root-
stunting of E. curvula was not repeated in the pot
trials. This would imply that the extracts tested were
more concentrated in the in vitro assays than natural
levels of allelochemicals in the weed. In addition to
parthenium, sufficient evidence exists in the Astera-
ceae alone of species that produce plant—chemical
interactions in laboratory experiments failing to do so
under natural conditions. In a similar vein to the
rejection of the NWH based on the properties of
spotted knapweed (Duke et al. 2009a, b); Ito et al.
(1998) found that the allelochemical dehydromatri-
caria ester (DME) produced by Solidago altissima
L. inhibited seedling development in rice in both agar
and soil cultures. The inability to detect DME in soil
water in natural stands; however, led them to
conclude that S. altissimo has little allelopathic
activity in the field. The allelopathic effects of
chromolaena in laboratory studies (Hoque et al.
2003) is not repeated under natural conditions, where
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it is an important species in fallow-cropping systems
in Africa and Asia (Roder et al. 1995; Koutika et al.
2002; Ikuenobe and Anoliefo 2003) and is perceived
amongst farmers to be a beneficial plant rather than a
noxious weed.

The relative importance of plant age, phytotoxicity
and competition could not be determined because
neither pompom weed density nor allelopathy had a
strong impact on companion species in the interfer-
ence study (Test Three). The only positive allelo-
pathic result involved Petri-dish bioassays of leaf
extracts on E. fef and E. curvula from adult pompom
weed (Test One). In the interference and crop residue
experiments (Tests Three and Four), conducted under
more natural conditions in pots, young pompom weed
plants or remains were not allelopathic to E. curvula
at densities far higher than the maximum observed
field density of 6.4 plants m* (=0.2 plants/pot). In a
field trial investigating interference between parthe-
nium and three common grass species in South
Africa, E. curvula consistently produced the lowest
biomass over two growing seasons at parthenium
densities of 5 and 7.5 plants m~~ (van der Laan et al.
2008). More importantly, parthenium density did not
influence the biomass of E. curvula significantly. In
our study there was no indication of phytotoxicity,
neither was the growth of E. curvula affected by
pompom weed density. Nevertheless, having sur-
vived at populations (plants m~?) 25 times the
observed maximum naturalised density (Fig. 8),
pompom weed has exhibited an extraordinary toler-
ance to intense competition at early establishment.
This provides an indication of coexistence but the
relative importance of above and below ground
organs on interference requires  additional
investigation.

The degree of allelopathy increasing with age
could simply be a function of increasing biomass
(Koricheva 1999) and in the case of pompom weed,
the quantity of glandular trichomes responsible for
producing the toxin. In contrast, the ability to exert an
allelopathic influence soon after germination would
be an advantage in aiding early establishment and
release from neighbourhood competition (Kruse et al.
2000). For example, Wardle et al. (2006) discovered
that aqueous extracts and leachates of the Astera-
ceous biennial Carduus nutans L. (nodding thistle)
were more allelopathic on grasses and legumes at the
rosette stage (young plants) than adults. An

association between pompom weed and E. curvula
was not apparent in the field investigation, confirming
the “not allelopathic” outcome of the interference
experiment (Test Three) and making it unlikely that
plant age is a factor in the potential allelopathy of
pompom weed.

Symbiosis was not apparent between pompom
weed and Eragrostis curvula. Pompom weed’s eco-
logical niche is broader than that of E. curvula but the
niche overlap between these species appears to be
quite wide, both species preferring disturbed condi-
tions. Pompom weed exhibits a greater degree of
adaptive plasticity by invading a wider range of soil
types, soil moisture gradients and disturbance
regimes. Eragrostis curvula is adapted to disturbed
sites on well drained soils (van Oudtshoorn 2006),
being largely absent in wetlands (Kotze and O’Con-
nor 2004) and grasslands that are moribund or
underutilised (Goodall 2000). Where one of these
species was more dominant it usually implied site
conditions precluded the other and had no bearing on
the competitive superiority of one over the other.
Interference studies in pots and in-field studies
measuring intraspecific interference were mutually
conclusive; E. curvula at high densities limits dom-
inance of C. macrocephalum, but does not exclude
pompom weed establishment. Coexistence might
involve a trade-off of size for survival and reproduc-
tion in pompom weed where landuse favours the
dominance of E. curvula. Two hypotheses could
provide plausible alternatives for its invasion ecol-
ogy. The ability of pompom weed to survive and
reproduce under intense E. curvula competition may
involve sourcing unidentified limiting resources not
utilised by the grass (Tilman 1985). Alternatively,
being predator-free and disease-free, could provide
pompom weed the advantage of being able to
withstand degrees of interspecific competition from
native communities in the introduced range (Huffaker
et al. 1976). In this study the pot trials and field
investigation collectively support the conclusion that
both species are excellent competitors which are able
to coexist rather than be competitively exclusive in
vegetation they both occupy.

Thorpe et al. (2009) discovered from field exper-
iments on two continents that some species in the
introduced range of the controversial forb Centaurea
maculosa Lam. (Callaway and Ridenour 2004; Bais
et al. 2003; Blair et al. 2005; Duke et al. 2009a, b)
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had reduced growth compared with co-occurring
species in its native range which did not. This implied
a level of adaptation in plant communities to
phytotoxic compounds in the alleged allelopathic
species through shared evolutionary history, which
was absent in the introduced range. In this context
adaptation and coexistence could be possible if
pompom weed was allelopathic and E. curvula had
evolved defence mechanisms against them. Labora-
tory studies on Eragrostis and lettuce revealed
“evolved” defences were weakest in E. curvula but
interference experiments refuted the role of allelop-
athy in C. macrocephalum. The novel weapons
hypothesis in this case did not apply to pompom
weed.

We acknowledge the difficulties of separating
allelopathic interference from other forms of inter-
ference. Under laboratory conditions parthenium may
be considered far more allelopathic than pompom
weed, and yet under field conditions parthenium has
been proven to not be allelopathic (van der Laan et al.
2008; Belz et al. 2009). Stowe (1979) remarked that
bioassays do not simulate natural conditions, and if
studied in isolation the investigator is left unable to
accept or reject allelopathy from a positive or
negative result. Under field conditions phytotoxic
compounds produced by plants are rapidly degraded
in the soil to the extent where they are biologically
unavailable to produce plant—plant interactions (Har-
per 1977; Schmidt and Ley 1999). The identification
of chemicals produced by plants aiding in their
defence against neighbourhood competition, preda-
tion and disease is a crucial step in proving the
existence of “novel weapons”. The compounds
produced by pompom weed trichomes have not been
described and so the question what constitutes a
natural concentration that cause an allelopathic effect
cannot be answered until we know more about the
chemistry of this species. Proving allelopathy is a
daunting endeavour (Romeo 2000; Duke et al. 2009b)
because the onus is on researches not only to identify
the chemical structures but to also use ecologically
relevant species, and demonstrate the production and
movement of phytotoxin from the donor plant to the
receiving plant growing in the same soil, which in
itself is a complex substrate.

We conclude that allelopathy does not appear to be
a major factor for the invasiveness of pompom weed
in the grassland biome based on ecological evidence.
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Other site-based factors, multivariate in nature, are
likely to govern the density of pompom weed and its
association with, or impact on, other species. Secre-
tions from glandular trichomes on the leaves may
have alternative properties such as anti-fungal or as a
defence against herbivory (antifeedant). Biochemical
studies on pompom weed are an urgent priority. This
raises the question as to which hypothesis best fits the
success of C. macrocephalum as an invasive alien
species. Based on the evidence presented here, the
absence of natural enemies and or niche differenti-
ation along resource gradients carries more weight
than C. macrocephalum being a phytotoxic species.
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