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Summary

 

• An experiment with synthesized grassland communities was performed to identify
plant traits that contribute to invasiveness and community traits that promote
invasibility, and to study the relationship between, and the relative importance of,
invasiveness and invasibility.
• Eight perennial grass species were used both as invasible monocultures and as
potential invaders in gaps in these monocultures. Invasion success in the establish-
ment phase, and invader and monoculture traits were assessed.
• Invasion success expressed as germination correlated significantly with germination
time (invader trait), light penetration in the gaps and N acquisition by the edge
plants (monoculture traits). Success expressed as leaf length correlated with seed
mass, germination time (invader traits) and light penetration. Forty-six per cent of the
variation in germination was explained by invader identity and 8% by monoculture
identity, whereas, for leaf length, they explained 15% and 18%, respectively.
• Regenerative traits (seed mass and germination time) correlated with invasiveness,
and resource availability (light and nitrogen) with invasibility. The results suggest
that species characteristics would largely determine the extent of an invasion event
(number of seedlings), while the success of individual invaders (growth and survival)
is determined by both species and ecosystem characteristics.
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Introduction

 

Understanding why some plant species establish as invaders
while others do not, or why some habitats, regions or biomes
seem more prone to invasions than others, is still limited (Prieur-
Richard & Lavorel, 2000), mainly because, until recently,
much effort has been invested in observational studies yielding
little generality or predictive power (Rejmánek & Richardson,
1996; Davis 

 

et al

 

., 2000). Progress is hampered primarily
by the multitude of factors involved: the success of an
exotic species in a new habitat is not only the resultant of
the capacity of the alien to invade (

 

invasiveness

 

) and the
susceptibility of the system to being invaded (

 

invasibility

 

),
both of which seem to be associated to specific attributes
(Lonsdale, 1999; Kolar & Lodge, 2001), it is also determined
by propagule influx density (Kolar & Lodge, 2001) – which

is often overlooked – and by the time elapsed since the invader
was introduced (Kowarik, 1995; Thompson 

 

et al

 

., 2001). Any
resulting long-term trend in invasion success may furthermore
be disrupted by transient outbreaks and decline associated
with interannual variation in weather and resource availability
(Davis 

 

et al

 

., 2000). These factors make the linkage of invasion
success to common attributes of either species or ecosystems
a hazardous enterprise.

Further complication arises from the fact that neither inva-
siveness nor invasibility can be measured directly. Invasiveness
can only be derived by comparing the success of an alien spe-
cies with that of others invading in the same habitat. Similarly,
invasibility can only be derived by comparing the degree to
which a system is invaded with the degree to which other
systems are invaded by the same invaders. Studies on the com-
mon attributes of the most successful invaders or the most
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invaded habitats frequently ignore this complexity by focus-
ing on invasion success, rather than on its components inva-
siveness and invasibility. Although there is now agreement on
some morphological, demographic and life history attributes
of invaders (e.g. large plant size, vegetative reproduction, and
in phanerogams: perfect flowers and long flowering period,
short juvenile periods and short intervals between large seed
crops) (Pysek 

 

et al

 

., 1995; Thompson 

 

et al

 

., 1995; Crawley

 

et al

 

., 1996; Rejmánek & Richardson, 1996; Williamson &
Fitter, 1996; Pysek, 1997; Goodwin 

 

et al

 

., 1999; Rejmánek,
2000; Kolar & Lodge, 2001), ecophysiological traits are only
beginning to be explored (Pattison 

 

et al

 

., 1998; Baruch &
Goldstein, 1999; Durand & Goldstein, 2001) despite the
growing evidence that interspecific differences in growth rate
have a combined ecophysiological and morphogenetic basis
(Reich 

 

et al

 

., 1998). Community invasibility has rarely been
addressed from an ecophysiological perspective. Many studies
have linked it to the resident plant diversity (Levine &
D’Antonio, 1999; Naeem 

 

et al

 

., 2000; Prieur-Richard &
Lavorel, 2000; Symstad, 2000; Dukes, 2002; Kennedy 

 

et al

 

.,
2002; Prieur-Richard 

 

et al

 

., 2002), but observations in this
field typically suffer from covariation of diversity with extrin-
sic factors, for example water and nutrient levels, cover, graz-
ing, fire frequency, proximity to human populations, or
climate (Naeem 

 

et al

 

., 2000). Many studies also suffer from
lack of replication and sampling rigour in that observers tend
to generalize from examples of successful invasions, and rarely
include observations of noninvaded communities (Burke &
Grime, 1996). In summary, in natural invasion events, the
combined influence of species traits, community or ecosystem
traits, and (uncontrolled or unidentified) environmental and
anthropogenic factors blurs the underlying pattern. Manipu-
lation experiments with simulated invasion in synthesized
communities can overcome this.

We set up such an experiment to identify plant and
community attributes associated with invasion success in
the gaps of dense grassland. A design was developed with
the same species acting both as invaders and as invaded
systems, to distinguish between influences of invasiveness
and invasibility within the same experiment. The study con-
centrated on the initial phase of invasion; more specifically on
germination, growth and survival during the first growing
season of invaders inserted as seeds into gaps within estab-
lished monocultures. In order not to limit the range of inva-
siveness to high values, we used a series of native species of
unknown invasion potential (Thompson 

 

et al

 

., 1995; Burke
& Grime, 1996; Davis 

 

et al

 

., 2000; Thompson 

 

et al

 

., 2001),
covering a range of productivities. Grass species were chosen
because (1) grasses have been responsible for some of the
world’s most destructive invasions (D’Antonio & Vitousek,
1992; Weber, 1997; White 

 

et al

 

., 1997; Watkinson & Ormerod,
2001), (2) grassland cultivation is a key activity in Western
European agriculture (e.g. 50% of the agricultural land in
Belgium is grassland) and (3) invasions are often cause for

concern in grassland management (Watkinson & Ormerod,
2001).

The specific research questions of this paper are: (1) Do the
selected species vary in invasiveness and do their monocul-
tures vary in invasibility? (2) Are the differences in invasive-
ness associated with specific traits of the invaders? (3) Are the
differences in invasibility associated with specific properties of
the monocultures? (4) Is there a relationship between the
invasiveness of a species and the invasibility of its monocul-
ture? (5) What is the relative importance of invasiveness and
invasibility in invasion events?

 

Materials and Methods

 

Plant material and experimental design

 

We selected eight perennial grass species, common to
Western European grasslands: 

 

Agrostis tenuis

 

 Sibth. (At),

 

Arrhenatherum elatius

 

 L. (Ae), 

 

Dactylis glomerata

 

 L. (Dg),

 

Festuca arundinacea

 

 Schreb. (Fa), 

 

Festuca rubra

 

 L. (Fr), 

 

Holcus
lanatus

 

 L. (Hl), 

 

Lolium perenne

 

 L. (Lp) and 

 

Poa trivialis

 

 L.
(Pt). The species were used to create eight different invasible
monocultures, but they also served as potential invaders
(hereafter, ‘invaders’) of these monocultures. The monocultures
were sown between 23 April and 4 May 2001 in plastic
containers placed outdoors (75 

 

×

 

 55 cm and 20 cm deep),
filled with steam-sterilized sandy loam on a bottom layer
(2 cm) of course-grained sand to improve drainage. The seeds
were planted in a hexagonal design 3.5 cm from each other,
yielding 328 seeds per container. In each container, eight
predefined positions were kept bare in order to create a ‘gap’
in which the invaders were inserted later. The minimum
distance between gaps, and between gaps and container
borders was 15 cm. Before the invader seeds were inserted, the
monocultures were cut two times (29 June and 26–27 July
2001; Fig. 1) to simulate mowing in extensively managed
grassland. A final cut took place on 10 and 11 October. In
keeping with the extensive management, low amounts of
fertilizer were supplied after sowing and after the harvests in
June and July (total: 50 kg N ha

 

−

 

1

 

 yr

 

−

 

1

 

, 50 kg K ha

 

−

 

1

 

 yr

 

−

 

1

 

 and
80 kg P ha

 

−

 

1

 

 yr

 

−

 

1

 

, supplied in three equal fractions; Fig. 1).
In addition to the natural rainfall, water was supplied by
capillary rise, by placing the containers in 3 cm of water.
Regular weeding removed all natural colonization. On 6
August 2001, 10 d after the second harvest of the
monocultures, the invader seeds were inserted in the gaps (10
seeds each). To simulate favourable rainfall, they were watered
regularly. Only the first germinating seed in each gap was
kept. A different invader species was introduced in each of
the eight gaps of every monoculture. The eight different
monocultures thus contained all possible combinations of
invader species and invaded monoculture species, including
species invading their own monoculture. The set of eight
different monocultures was replicated three times (24
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containers in total). Timing of seed insertion was chosen in
the month of maximum seed fall in the field (August), and
was aimed at having closed-canopy conditions shortly after
germination of the invaders, to have high resistance to invasion.
Seeds were inserted on day 10 of monoculture regrowth,
which yielded maximum growth differences between the
various invader species in a preliminary experiment (at earlier
or later insertion almost all invaders either survived or died).

 

Microclimate

 

From 23 May 2001, the microclimate at the centre of each
set of eight monocultures was monitored with the following
sensors: air temperature at 5 cm above the soil surface with
type T copper-constantan thermocouples (Omega Engineering,
Stamford, CA, USA), soil temperature at a depth of 5 cm with
type T plug-mounted probes (TM Electronics, Goring,
Sussex, UK), photon flux density (PFD) of photosynthetically
active radiation above the canopy with JYP 1000 gallium
arsenide quantum sensors (SDEC, Reignac sur Indre, France).
Sensor output was recorded at 1-h intervals with a DL2e
datalogger (Delta-T; Burwell, Cambridge, UK). Monthly
means of minimum, maximum and mean daily air and soil
temperatures and monthly PFD during the 2001 growing
season are shown in Table 1.

 

Measurements

 

Success of invasion

 

An analysis of invasiveness and invasi-
bility requires assessment of the success of the invaders; this

was quantified by a variety of measurements. Cumulative ger-
mination percentage was determined until germination was
complete. Survival was monitored weekly during September
and October 2001, two-weekly in November and December,
and monthly afterwards until May 2002. Realized growth was
measured as total leaf length per invader (laminae only, all
leaves combined) on 1 October 2001. The fate of the invaders
after 10 months of growth in the monocultures was assessed
with an additional measurement of total leaf length (leaf
length 2002) around the peak of next year’s growing season,
on 28 May 2002.

 

Characteristics of invaders

 

Average seed mass was calculated
by species from 200 seeds. Average germination time by
species, expressed as days from insertion to germination, was
assessed by daily monitoring germination in each gap.

 

Characteristics of invaded monocultures

 

The extent to
which monocultures shaded the invaders was estimated
nondestructively by measuring PFD above the canopy and in
each gap at 2 cm above the soil surface, yielding percentage
light penetration (PFD

 

intercepted

 

). A small quantum sensor
with a gallium arsenide photodiode (Pontailler, 1990) was
used, attached to a thin metal rod. Light penetration was
measured approximately every 10 d (on cloudy days because
instantaneous interception under diffuse light is a good
estimator of average daily interception) until the October
harvest (Sinoquet 

 

et al

 

., 1990). Average PFD

 

intercepted

 

 was
calculated for three important life stages of the invaders:
(1) ‘PFD

 

intercepted

 

 germination’ (average of 7 and 18 August);

Fig. 1 Time-scale of monoculture and 
invader treatment during the 2001 
growing season.

Table 1 Monthly means of maximum, minimum and mean daily air and soil temperature, and monthly photosynthetic photon flux density 
during the growing season of 2001
 

 

Month

Air temperature (°C) Soil temperature (°C)
Photon flux density 
(mol photons m−2 month−1)Maximum Minimum Mean Maximum Minimum Mean

June 21.3 ± 0.8 12.6 ± 0.1 16.5 ± 0.2 20.1 ± 0.4 12.6 ± 0.2 16.6 ± 0.3 973 ± 13
July 25.4 ± 0.6 16.4 ± 0.2 20.3 ± 0.2 23.9 ± 0.4 16.3 ± 0.2 20.3 ± 0.2 1036 ± 32
August 23.0 ± 0.6 17.0 ± 0.3 19.8 ± 0.2 22.8 ± 0.6 16.7 ± 0.1 20.0 ± 0.3 892 ± 16
September 18.8 ± 0.2 12.5 ± 0.1 15.0 ± 0.1 15.5 ± 0.2 13.8 ± 0.0 14.7 ± 0.1 433 ± 22
October 16.1 ± 0.5 11.9 ± 0.2 13.7 ± 0.1 15.3 ± 0.2 12.4 ± 0.1 13.9 ± 0.1 361 ± 13

Averages ± 1 SD from three replicate plots.
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(2) ‘PFD

 

intercepted

 

 start of growth’ (average of 18 and 23
August); (3) ‘PFD

 

intercepted

 

 growth’ (average of five measure-
ments from 18 August until 25 September).

At the end of the 2001 growing season (2 and 3 October),
the height of the six plants bordering each gap was measured
to assess competitive pressure from neighbour plants. On 5, 8
and 9 October these plants were harvested (> 3.5 cm to allow
regrowth), oven-dried for 48 h at 75

 

°

 

C, weighed, ground,
and analysed for total N (organic + inorganic) and C content
(NC-2100 analyser; Carlo Erba Instruments, Milan, Italy).

Statistical analyses

Statistical analyses were performed with SPSS 10.0 (SPSS,
Chicago, IL, USA). To answer research question 1, s
were performed with invasion success (per cent germination
and leaf length) as dependent variable, and invader species
and monoculture species as fixed factors. Type III sum of
squares were used to calculate the percentage of variance
explained by invader and monoculture species (question 5).
Leaf length was log-transformed and germination percentage
arcsine transformed to improve normality. Gabriel’s post hoc
procedure was used to differentiate between the invasion
success of the different species and between the invasibility of
the different monocultures. Contingency tables were used to
determine whether survival of the invaders until next spring
(‘yes or no’) was affected by invader or monoculture identity.
Covariation between the different measures of invasion
success was analysed with Spearman rank correlation
coefficients, calculated from mean values per invader species

(all monocultures combined) and per monoculture species
(all invader species combined). To investigate whether the
variance of invasion success among invader species could be
explained by species traits (question 2), Spearman rank
correlation coefficients were calculated between the traits
(averaged by species) and invasion success. Spearman
correlation was also used to determine whether the variance of
invasion success among the different monocultures could
be explained by monoculture characteristics (question 3, in
this case gap characteristics were averaged by monoculture
species). To identify possible relationships between invasiveness
and invasibility (question 4), Spearman correlation coefficients
were calculated between average invasion success per invader
species and average invasion success per monoculture species.

Results

Invasiveness and invasibility

We first investigated whether the success of the simulated
invasions varied with the identity of the invader and/or the
identity of the invaded monoculture (question 1). Two
measures of success, germination percentage and total leaf
length, were significantly affected by invader species and
monoculture species (, significant invader effect,
F7,63 = 25.750 for germination and F7,63 = 5.306 for leaf
length; significant monoculture effect, F7,63 = 4.460 for
germination and F7,63 = 6.167 for leaf length; P < 0.0001
in all cases, Fig. 2). In other words, the species varied in
invasiveness because their invasion success in a given series

Fig. 2 (a) Mean percentage germination 
of the different invader species. (b) Mean 
percentage germination of invader seeds 
in the different monoculture species. 
(c) Mean total leaf length per plant of the 
different invader species at the end of the 
first growing season. (d) Mean invader 
total leaf length per plant in the different 
monoculture species. Bars represent ± 1 SE; 
(a,c) refer to invasiveness (means by 
invader species); (b,d) refer to invasibility 
(means by invaded monoculture species). 
Ae, Arrhenatherum elatius; At, Agrostis 
tenuis; Dg, Dactylis glomerata; Fa, Festuca 
arundinacea; Fr, Festuca rubra; Hl, Holcus 
lanatus; Lp, Lolium perenne; Pt, Poa 
trivialis.
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of monocultures depended on invader identity. The mono-
cultures of these species varied in invasibility because the
invasion success of a given series of invaders varied with the
identity of the monoculture in which they were inserted.
Interactions between invader identity and monoculture
identity were not significant, neither for germination nor for
growth (same analysis; for germination, F49,63 = 1.080 and
P = 0.359; for leaf length, F49,63 = 1.095 and P = 0.344). This
implies that, in the gaps of dense vegetation, some grass
species germinate better and achieve higher growth rates than
others, independent of the monoculture species they invade.
Similarly, in some monoculture species germination
percentage and realised growth of invaders are higher than in
others, independent of invader identity. Post hoc comparisons
revealed that Lp germinated significantly better than all other
species and Pt better than Ae, Fr and At. Germination of At,
the species with the lowest average percentage, differed also
from Fa and Dg. It was found that Lp had a similar mean leaf
length to Fa, but a significantly greater one than all the other
species. Invader germination was significantly higher in
monocultures Lp and Fr compared with At, Hl, Dg, Pt and
Ae, in which mean germination percentage was similar. The
monocultures with the greatest invader leaf length were Fr,
Ae and Dg. In Fr leaf length was significantly greater than in
Fa, Pt, Lp, Hl and At, while Ae differed from Hl and At. The
third measure of success, survival until next spring, was not
significantly affected by invader or by monoculture identity
(contingency tables; for invader identity,  = 11.556 and
P = 0.116; for monoculture identity,  = 12.000 and
P = 0.101). Most invaders (75%) survived their first winter.

Correlation between measures of invasion success

Table 2 shows the Spearman correlation coefficients between
the different measures of invasion success, averaged either by
invader or by monoculture identity. For invasion success by
invader (invasiveness), percentage germination, leaf length,
and percentage survival (until spring 2002) were all positively
correlated. In other words, the species with the best
germinating seeds also had the highest growth rates and
survived the longest. Surprisingly, calculated by monoculture
(invasibility), none of the correlations were significant.
Monocultures in which invaders germinated well, did therefore

not necessarily have fast-growing and long-lived invaders.
This implies that suitable conditions for germination are not
per se suitable conditions for growth and survival.

Factors associated with invasiveness and invasibility

We next investigated whether the differences in success
between the eight invader species correlated with the
traits they possessed (question 2, invasiveness). Invader leaf
length was negatively correlated with germination time and
positively correlated with seed mass, which varied from
0.10 mg for At to 2.53 mg for Ae. Germination percentage
correlated negatively with germination time (Table 3a).
Differences in invasiveness between the species were thus
partly due to interspecific variation in seed mass and
germination rate (Table 4).

To test whether differences in invasion success among
monocultures were associated with traits of these monocul-
tures (question 3, invasibility), correlations were calculated
between the various measures of success and the gap
attributes, averaged by monoculture identity (Table 3b). Leaf
length correlated significantly with ‘PFDintercepted start of
growth’ (see Fig. 4), but correlations with amount of nitrogen,
height and biomass of the neighbour plants were not signifi-
cant. Percentage germination of the invaders correlated posi-
tively with the amount of nitrogen in the bordering plants and
negatively with ‘PFDintercepted germination’. Thus, invasibility
of the monocultures was governed by the light penetrating
the gaps, especially shortly after insertion of the invader seeds,
and by the nitrogen acquisition of competitors surrounding
the gaps.

To verify whether the significant correlations found at the
end of the first growing season still held after 10 months of
invader growth, they were recalculated for 28 May 2002
(Table 5). For germination time and ‘PFDintercepted start of
growth’, there was still a significant correlation with invader
leaf length. The correlation between seed mass and leaf length,
however, had disappeared.

Invasiveness vs invasibility

Question 4 concerns possible relationships between invasiveness
and invasibility. Are good invaders highly invasible when

χ7 0 05
2

, .
χ7 0 05

2
, .

 

(a) by invader (b) by monoculture

Leaf length × percentage germination 0.810* −0.060 ns
Per cent survival × percentage germination 0.824* 0.305 ns
Leaf length × percentage survival 0.909** 0.494 ns

*, **P < 0.05 and P < 0.01, respectively; ns, not significant. Correlations were calculated 
between (a) average values by invader species (i.e. for each invader species the success was 
averaged across all invaded monocultures), and (b) average values by monoculture species (i.e. 
for each monoculture species the success was averaged across all invader species inserted).

Table 2 Spearman rank correlation 
coefficients (two-tailed; n = 8) for different 
measures of invasion success (expressed as 
percentage germination of the invader 
seeds, invader leaf length at the end of the 
first growing season or percentage survival 
until next spring)
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grown in monoculture, or do they instead offer much
resistance? Or is there no relationship at all? We plotted the
average invasion success in every species of monoculture
(invasibility), expressed either as percentage germination of
the invader seeds or as total invader leaf length at the end of
the first growing season, against the average invasiveness of the
different invader species, expressed as leaf length (Fig. 3). For
none of the invasion success measures, invasiveness and inva-
sibility were significantly correlated (P > 0.05). The capacity
to invade, therefore, seems unrelated to the capacity to
offering resistance to invasion. Nevertheless, closer inspection
of Fig. 3b reveals that none of the best invasible monocultures
(Fr and Ae) were themselves good invaders, whereas none of
the best invaders (Lp and Fa) had high invasibility.

With the results of the  used for question 1 we fur-
ther compared the relative importance of invasiveness and
invasibility (question 5). For leaf length, the total sum of
squares (SST) was 21.5, while the invader sum of squares (SSI)
was 3.2 and the monoculture sum of squares (SSM) was 3.8.
This means that invader identity explained 15% of the total
variation and monoculture identity explained 18% of the
total variation in leaf length. For invasion success expressed as
germination (SST = 79943.7, SSI = 36721.8 and SSM =
6360.3), however, invader identity explained 46% of the total
variation and monoculture identity explained only 8%.

Discussion

Limitations of the experimental approach

To compare both invasiveness and invasibility of different
grass species under well-controlled, identical conditions, we
simulated invasion in synthesized communities. By using
rather young monocultures instead of mature, functionally
intact ecosystems a degree of realism was sacrificed. Mechanisms
that might benefit invaders (e.g. mutualism between invaders
and other organisms already established in the system
(Richardson et al., 2000) and interactions with mycorrhizal

Table 4 Mean seed mass and germination time of the different 
invader species
 

 

Species Seed mass (mg) Germination time (d)

Ae 2.53 7.6
At 0.10 7.8
Dg 0.78 8.5
Fa 2.17 7.0
Fr 0.83 8.4
HI 0.32 6.6
Lp 1.67 4.4
Pt 0.25 7.0

Ae, Arrhenatherum elatius; At, Agrostis tenuis; Dg, Dactylis 
glomerata; Fa, Festuca arundinacea; Fr, Festuca rubra; Hl, Holcus 
lanatus; Lp, Lolium perenne; Pt, Poa trivialis.
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fungi (Klironomos, 2002)), or that might offer invasion
resistance in natural communities (e.g. physical and biotic
‘filters’ or ‘barriers’ to invasion (Kruger et al., 1986), fungal or
viral pathogens (Mitchell & Power, 2003)) are therefore
not considered in the present study. Another limitation of
working with monocultures is their homogeneous gap
structure, which makes them easy to compare in terms of light

penetration, but excludes the study of structural complexity
and more heterogeneous light regimes in gaps (Grime &
Jeffery, 1965; Aguilera & Lauenroth, 1995; Bullock et al.,
1995; Moretto & Distel, 1998). The role of community
diversity also could not be investigated.

Despite these constraints, and although our protocol does
not address all transition sequences of invasion, we obtained

Table 5 Spearman rank correlation coefficients (two-tailed; n = 105) between total invader leaf length in the second growing season (May 
2002) and invader and monoculture characteristics (averaged by species and by monoculture identity, respectively)
 

 

Seed mass Germination time PFDintercepted start of growth

Leaf length 2002 0.180 ns −0.213* 0.383**

*, **P < 0.05 and P < 0.01, respectively; ns not significant. PFD, photon flux density.

Fig. 3 Relationship between invasiveness 
and invasibility. For invasiveness, average 
leaf length by invader species is used and 
for invasibility, average invasion success by 
monoculture species, expressed either as 
(a) percentage germination of the invader 
seeds or (b) total invader leaf length at the 
end of the first growing season. Ae, 
Arrhenatherum elatius; At, Agrostis tenuis; 
Dg, Dactylis glomerata; Fa, Festuca 
arundinacea; Fr, Festuca rubra; Hl, Holcus 
lanatus; Lp, Lolium perenne; Pt, Poa 
trivialis.
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valuable information on the early – but critical – phase of the
invasion process. Highly controlled experiments on a small
scale can help solve the invasion problem, but they must not
be isolated from large-scale experiments in natural habitats.
The best results can probably be obtained by simultaneous use
of different approaches.

Invasiveness

By inserting different invader species in the same series of
monocultures, we were able to compare the invasion success
of these species in identical conditions (surrounding vegetation
and nutrient supply, weather, distance to neighbouring plants,
etc.). This yielded unbiased measures of the establishment
component of invasiveness, which is difficult to achieve in
natural invasion studies. A further advantage of inserting
different invaders in the same monocultures is that relationships
between invasion success and invader traits (question 2) can
be analysed in the absence of confounding effects from
monoculture identity.

Some species proved more ‘invasive’ than others in terms of
germination (Lp and Pt) and growth (Lp), while some proved
very poor invaders (e.g. At, which had poorer germination
than most other species). Once germinated, however, survival
until next spring was the same for all species. Some invaders,
nevertheless, remained very tiny, just surviving, but not growing,
so this extremely poor invasiveness was clearly not reflected in
the survival data. We therefore recommend also using data on
growth and spread, in addition to survival, to assess whether
invaders are successful or not. In our data, germination, growth
and survival were positively correlated (Table 2). If this is con-
firmed for other species and in other conditions, germination
might be used to predict invasion success (for example by
inserting invader seeds in potentially sensitive systems).

Leaf length and seed mass were positively correlated during
the first growing season, but not in the second. It is known
that larger seeds yield larger seedlings, enabling better access
to light and/or a more reliable water supply (Westoby et al.,
1996; Hewitt, 1998), and consequently superior establish-
ment in dense vegetation (Black, 1958; Baker, 1972; Foster &
Jansen, 1985; Westoby et al., 1992; Burke & Grime, 1996;
Lindsay et al., 1999). However, later in seedling life, after
reserves have been fully deployed into seedling structures,
larger seed size no longer confers any direct advantage, with
variation in growth rate becoming the major determinant of
plant size, and thereby of the outcome of competitive interac-
tions among individuals (Leishman et al., 2000; Dalling &
Hubbell, 2002). This is probably why in the second year cor-
relation with leaf length was no longer significant. Thompson
et al. (2001) also found that regenerative traits (seed mass and
germination characteristics) were the best predictors of
invader success after 2 yr, but not after 5 yr. If dispersal is
included, large seed size may even be a disadvantage because
there is a seed size-dependent trade-off between dispersal success

(selecting for large seed number), and emergence-establishment
success (selecting for large seed size) (Lindsay et al., 1999;
Dalling & Hubbell, 2002). Large seed mass may thus be an
advantage during the establishment phase of invaders, but
it is not necessarily a good predictor of the final outcome.

From earlier work we know that for many species gaps are
important for regeneration from seeds, since shading and
other competitive effects of established plants can greatly
reduce the growth and survival of seedlings (Fenner, 1978;
van der Toorn & Pons, 1988). It is known that the generally
higher growth rate of small-seeded species may help them to
reach the top of the canopy or keep up with the growing
height of vegetation following a disturbance (Shipley &
Peters, 1990; Fenner, 1983). Our experiment shows that not
only seedling growth rate but also early germination following
a disturbance (clipping of the vegetation) is critical to seedling
establishment. This time window is illustrated by the fact that,
even in the second growing season, invader leaf length still
correlated negatively with species germination time. All plants
that were still doing well in the second growing season had
germinated within 6 d after sowing (not shown), whereas the
invaders from later-germinating seeds had all remained very
small or died. Early germination is thus not only an important
feature in the case of competitive interactions between seed-
lings (Ross & Harper, 1972), but also helps invaders to escape
from light competition with fast-growing established plants.
Perrins et al. (1993) speculated that the invasion success of
Impatiens glandulifera in damp English woodland could be
due to fast germination. A study of Olff et al. (1994) showed
that early successional species use a similar strategy. They
escape from light competition during their establishment
phase by germinating immediately after seed fall, in autumn
and early winter, when the canopy is still open after the sum-
mer mowing.

In trying to explain why, in our experiment, the species Lp
and Fa were the best invaders in terms of total leaf length
(Fig. 2c), we checked whether they had the shortest germina-
tion time or the largest seed mass (Table 4). For seed mass we
found that Ae had the largest seeds, followed by Fa and Lp.
Germination was fastest in Lp, followed by Hl and Fa. This
suggests that both conditions have to be fulfilled. Only the
species with a high score for both traits (Lp and Fa) were good
invaders, while species with high seed mass but slow germina-
tion (Ae) or with fast germination but small seeds (Hl) were
not very invasive.

Higher growth rates of invasive plants may also be related
to ecophysiological and morphogenetic traits (e.g. higher leaf
photosynthetic rate, photosynthetic nitrogen use efficiency,
specific leaf area or leaf area ratio, and lower dark respiration
or leaf tissue construction cost (Pattison et al., 1998; Baruch
& Goldstein, 1999; Durand & Goldstein, 2001). Most
invader plants remaining too small for the equipment,
precluded the measurement of these traits in the current
experiment.
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Invasibility

Unlike invader success by species, invasion success in the
monocultures differed according to the way it was expressed
(cf. Fig. 2b,d). In some monocultures germination was good,
but invader growth low (e.g. Lp); in others it was opposite (Dg
and Ae) and only the Fr monoculture had high scores for
both. This implies that the monocultures varied in multiple
traits, some affecting growth and others affecting germination
of invaders.

Seed germination requires the availability of water, air,
light, the right temperature and chemical soil constituents
(e.g. nitrate) (Hilhorst & Karssen, 2000; Milberg et al.,
2001). Maternal factors (Gutterman, 2000) can be excluded
in our experiment, because we used the same seed source in
the different monocultures. By affecting light penetration,
temperature and humidity at the soil surface, canopy struc-
ture is an important determinant of the onset of germination
and the subsequent fate of seedlings (Olff et al., 1994). This
is reflected in the negative response of the germination of our
grasses to ‘PFDintercepted germination’ (Table 3b). This is in
agreement with the high-irradiance response (HIR), the
inhibiting effect of continuous, moderate illumination (or
light interrupted by a period of dark) on germination (Pons,
2000). Seeds in more open gaps with a higher irradiance
might therefore have germinated less well. The alternative of
seeds in the more open gaps desiccating sooner can be
excluded because the seeds were watered regularly. A third
possibility is that seeds are more likely to be washed away by
heavy rainfall in more open vegetation. Nitrate has been
known for a long time to stimulate seed germination, in gen-
eral within the range 0–0.05  (Hilhorst & Karssen, 2000).
We expected that high N accumulation by gap-bordering
plants would reflect low N availability for the invaders. Sur-
prisingly, invader germination correlated positively with total
edge-plant N. Possibly, soil N-concentrations remaining high
(> 0.05 ) for longer in slow-growing monocultures that
absorbed the added fertilizer-nitrate more slowly were respon-
sible for this.

Several studies have shown positive relationships between
invader/seedling biomass and light transmittance in the resi-
dent vegetation (Naeem et al., 2000; Grace, 2001; Jutila &
Grace, 2002). In our experiment especially the amount of
light penetrating in the gaps during the first weeks of seedling
development was important for later invader success
(Table 3b), which implies that success is partly determined by
what happens in the most vulnerable juvenile state. From this
we deduce that grasslands that re-close the canopy more
quickly after mowing should offer higher resistance against
invaders. This also implies that invasion in dense vegetation
that is scarcely mowed strongly depends on the timing of
invader seedfall and/or germination (Milberg et al., 2000;
Milberg et al., 2001), in addition to the height, growth rate
and growth form (more or less lateral spread) of the resident

plants. The role of light transmittance in determining the
invasibility of the different monocultures (Fig. 2d) is con-
firmed by the data on ‘PFDintercepted start of growth’ (Fig. 4).
The monocultures Fr and Ae, in which invader leaf length was
significantly higher than in the others (post hoc comparisons),
were also the monocultures with the greatest amount of light
penetrating in their gaps.

Relationship between and relative importance of 
invasiveness and invasibility

Overall, invasibility of the monocultures, expressed as average
invader germination or leaf length in these monocultures,
was not correlated with the invasiveness of the species these
monocultures were composed of (Fig. 3). Silvertown et al.
(1994) reported similar results, with species ranks on
invasiveness that were fairly consistent in different grazing
treatments, but with a much less consistent rank order of
invasibility. Also, in other studies, no correlation between
invasiveness and invasibility was found (van Andel &
Nelissen, 1981; Thórhallsdóttir, 1990).

The sum of squares breakdown reported with regard to
question 5, demonstrates that the germination of seeds of pos-
sible invaders largely depended on the identity of these species
(in other words, on their seed quality, germinability, etc.),
while monoculture identity had little impact on this. By con-
trast, invader growth depended on both invader and mono-
culture identity in almost the same proportion. From this we
deduce that species characteristics may largely determine the
extent of an invasion event (number of propagules and seed-
lings), while the establishment success (growth and survival of
the invaders) is more likely to be determined by both species
and ecosystem characteristics. This is in accordance with
many studies that argue that invasion success depends on a
match between invader characteristics and habitat and that
life-history traits themselves are not a significant predictor

Fig. 4 Percentage light penetration in the monoculture gaps, 
measured during the first week of invader growth (photon flux 
density (PFD)intercepted start of growth). Bars represent means per 
monoculture species ± 1 SE. Ae, Arrhenatherum elatius; At, Agrostis 
tenuis; Dg, Dactylis glomerata; Fa, Festuca arundinacea; Fr, Festuca 
rubra; Hl, Holcus lanatus; Lp, Lolium perenne; Pt, Poa trivialis.



www.newphytologist.com © New Phytologist (2003) 159: 657–667

Research666

(Thompson et al., 1995; Alpert et al., 2000; Manchester &
Bullock, 2000; Radford & Cousens, 2000).
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