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ABSTRACT 
 

The climate is changing and temperatures are predicted to further increase in the 

future. Species respond to these changes by either adapting to the local warmer 

conditions and/or range shifting to higher latitudes. Some of these successful range 

shifting plants can become invasive in their new range. Therefore, there is a 

conceptual analogy of successful range shifts and biological invasions originating 

from other continents. Intra-continental plant species shift their ranges within the 

same contiguous land mass from which they originate. Inter-continental species 

originate from other continents from where they have been introduced before 

expanding in their new range. The aim of this thesis is to gain a better understanding 

of the plant-insect interactions that may contribute to the success of exotic plants that 

have expanded their ranges due to climate warming. More specifically I aimed to 

clarify whether climate warming-induced range expanding exotic plants are less 

suitable than native congener plants and whether these plants suffer less from 

aboveground enemies than native congener plants. In addition, I investigated if inter 

–and intra-continental exotic plant species differed in their suitability, and if they 

responded differently to potential aboveground enemies.  

 

In the first greenhouse experiment, I tested the hypothesis that inter- and intra-

continental exotic plants and phylogenetically related native plants from the same 

habitat do not respond differently to two aboveground polyphagous herbivores. 

Further I tested if intra- and inter-continental exotic plants experience less negative 

soil feedback than related native plants. I grew fifteen plant species with and 

without naive polyphagous locusts (Schistocerca gregaria) and cosmopolitan aphids 

(Myzus persicae) and exposed all plants to soils from their invaded range in order to 

test the feedback from the soil community to plant biomass production. My results  

show that that both inter –and intra-continental exotic plants on average were better 

defended against aboveground and belowground enemies than related native plant 

species. This suggests that successful range expanding plants may include species 

with invasive properties. 

 

Exotic plants have been shown to have neutral to positive soil feedbacks, while 

native plants experience negative effects from their soil biota. Belowground 

interactions can influence aboveground interactions and may change the 

relationships between exotic plants and their enemies. I examined how the 

performance of the two aboveground polyphagous herbivores S. gregaria and M. 

persicae species was influenced by feedback interactions between the plants and their 

soil biota and compared these responses in intra- and inter-continental exotic and 

related native plants. Locust mass was negatively affected by the plant specific soil 

community and larger on native than on exotic plants. Locust survival was also 

higher on native plants, but not affected by soil type. There were no differences 



between inter –and intra-continental plants. Aphid population size was not affected 

by soil type, but was highest on the intra-continental range expander. The body size 

of M. persicae was larger on control than on soils with specific plant communities and 

not affected by plant origin.  

 

One way of measuring the release of exotic plants from natural enemies is by 

comparing their herbivore loads with related plants that are native in the invaded 

range. These loads can be influenced by top down control of insect predators and 

parasitoids. In the field, I examined herbivore loads and predator pressure on two 

exotic (inter-continental and intra-continental) and two related native plant species. I 

found smaller herbivore loads on the exotic plant species than on the related native 

plants. Moreover, the herbivores on the exotic plants had a higher predator pressure 

than herbivores on the phylogenetically related native plants. These results imply 

that both types of exotic plants have a double advantage: enhanced bottom-up and 

top-down control of herbivores.  

 

Finally, I set up a field experiment to test the effect of herbivory on communities of 

exotic and native plants. I created ten communities with six exotic plant species and 

their phylogenetically related native species that co-occur in the same riverine 

habitat. Half of the communities were exposed to herbivory and the other half was 

grown in a herbivory-free environment. This study was done in order to test if exotic 

plants may dominate invaded plant communities exposed to aboveground 

herbivory and if this advantage of the exotic plants under herbivory would 

disappear when all plants were free of herbivores. Herbivory reduced aboveground 

plant biomass by almost half. However, exotic plants did not become the exclusive 

dominants in these communities, as some native species were well protected against 

aboveground herbivory as well. Plant species varied considerably in their responses 

to herbivory resulting in changes in community ranking. Interestingly, the 

proportional biomass contributions to the community were similar for exotic and 

native plant species and also not different between inter –and intra-continental 

plants. I conclude that release from aboveground enemies is not the only factor 

explaining the invasive success of intra- and inter-continental exotic plant species.  

 

In conclusion, climate warming-induced range expanding plant species originating 

from the same continent may possess invasive properties comparable to introduced 

inter-continental exotic plants. In the greenhouse and in the field, both inter- and 

intra-continental exotic plant species were more resistant against aboveground 

herbivores than native plants. In the greenhouse, the exotic plants suffered less from 

herbivory than related natives, although this did not result in their absolute 

dominance in the field when exposed to herbivory. Therefore, aboveground enemy 

exposure is not the only factor predicting the invasive success of intra - and inter-

continental exotic plant species.  
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General introduction 

 

Humans are currently inflicting massive changes on ecosystems across the biosphere 

through a range of processes including the destruction of natural habitats, various 

forms of pollution and moving species around the globe (Ehrlich & Mooney, 1983; 

Vitousek et al., 1997; Pimentel et al., 2000). One of the most serious effects humans are 

inflicting on nature is through the combustion of fossil fuels and its attendant 

climate warming. Over the past thirty years, the mean surface temperature of the 

Earth has increased more rapidly than at any time in at least several thousand years 

and perhaps much longer (IPCC, 2007). Rapid changes in climate, in combination 

with other human-induced stresses are challenging species to adapt in ways that 

many have never experienced in their evolutionary history. This problem is 

particularly acute for plants, which are often much more constrained in their ability 

to disperse than animals (Berg et al., 2010). 

While some plant species may still be able to adapt to locally warmer 

conditions in their habitat, others may have to respond by shifting their home ranges 

pole wards tracking their optimal climatic conditions. A small number of species 

may additionally gain an advantage in their new habitats by escaping from co-

evolved natural enemies of their old range. This may enable them to become 

invasive pests, exhibiting traits that make them dominant (Mack et al., 2000). 

Although much attention has been paid to the study of invasive plants, the 

mechanisms underlying the success of biological invasions under the warming 

climate remain poorly understood (Levine et al., 2003). In this thesis I focus on exotic 

plants that are shifting their ranges to the north due to regional climate warming in 

western  Europe and examine how changes in plant-enemy interactions, insects in 

particular, may contribute to the successful invasion of thermophilic weeds into new 

plant communities. 

 

Climate warming 

 

The climate is warming over many parts of the world at a significantly faster rate 

than expected, considering historical records (IPCC, 2007). Over just the past 30 

years the consequences of rising temperatures and alterations in precipitation 

regimes have become visible in many parts of the world. As predicted by circulation 

models (Keeling & Garcia, 2002), regions farthest from the equator are warming 

much faster than other regions across the biosphere. The Arctic Ocean, for example, 

is expected to be free of ice by the middle of the century whereas parts of northern 

Canada and Alaska have experienced temperature increases of 10 °C or more over 

the past 100 years (IPCC, 2007). Desert ecosystems, such as the Sahara and Gobi 

Deserts, are also greatly expanding due to reduced rainfall in these regions 

(Nicholson, 2001). The mean average temperature of the planet’s surface has 

increased by approximately 0.60 °C, compared with the 1951-1980 average (NASA). 

However, as described above, regional increases have been much greater. Western 
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Europe is also warming well above the global average; for example, in the 

Netherlands, the average temperature has increased by almost 2 °C over the past 50 

years (KNMI, 2008).  

 

The consequences of global change, including warming for plants and animals, are 

not yet fully understood. However, it is clear that climate change may intensify the 

current extinction spasm that is already underway (Thomas et al., 2004; Lovejoy & 

Hannah, 2005). Certain species may be able to adapt to current changes within their 

habitats, for example because they are genetically pre-disposed to do so, however 

other species may have to move to other, more suitable, habitats in order to survive. 

A species occupying a large range with many niches may be much less affected than 

a species with a much smaller range or habitat specialists. Species in the latter 

category may have to adjust their distributions in order to persist. Approximately 

one quarter of the flowering plants in the Netherlands originate from more southern 

regions in Europe (Tamis et al., 2005). Some of these species were accidentally or 

intentionally introduced in the past few centuries and have become a ubiquitous 

part of the landscape, whilst others are recent arrivals that have naturally dispersed 

from the south. The arrival of exotic species into new habitats generates novel 

interactions amongst the exotics and native species (van der Putten et al., 2004). 

Ultimately, plant and animal communities may be reshuffled to some extent, 

creating new communities involving natives and recently arrived exotics. The 

longer-term consequences of these invasions for community and ecosystem 

functioning are unknown. In any case, rapid warming is likely to increase the rate at 

which existing communities are invaded by species responding to the warming  

(Walther et al., 2009). This will increase the rate at which novel interactions are 

generated and this, in turn, may also lead to an increase in the rate at which 

communities become invaded by dominants from warmer regions (Walther et al., 

2002; Parmesan & Yohe, 2003; Kelly & Goulden, 2008). 

 

Invasive plants 

 

Global climate change and biological invasions represent two of the greatest 

anthropogenic threats to the functioning of ecosystems (Vitousek et al., 1996). When 

they are introduced into new habitats, exotic species can become extrem ely 

abundant, thereby displacing local native species. This phenomenon is described as 

‘invasiveness’. Invasive exotic species not only affect directly competing species, but 

the effects may cascade to other trophic levels in the food web as well (Simberloff, 

2006). Moreover, the invasion process may be affected, positively or negatively, by 

climate change (Harrington et al., 1999). Only about 0.1% of exotic species become 

serious pests in their new ranges, (Williamson & Fitter, 1996), and the mechanisms 

underpinning their success and the consequences arising from this have remained 

elusive.  
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Biological invasions have traditionally been interpreted on the basis of human 

mediated introductions of exotic species between continents. However, climate 

exerts a dominant control over the distribution of both plants and animals 

(Woodward & Williams, 1987). If these processes operate together it can lead to two 

kinds of exotic invasions. One group of exotic plants originates from habitats in 

other continents whereas another group originates from within the same continent 

(Fig. 1.1). The two groups may have quite different evolutionary histories when 

invading a new range because they co-evolved with plants and animals in different 

geographical realms. On the other hand, because it is so widespread, climate change 

affects plants on all continents, and thus exotic species in both situations are both 

forced to respond to warmer conditions by either adapting to local conditions or by 

shifting their ranges into formerly unsuitable habitats (Hill et al., 1999; Parmesan et 

al., 1999; Walther et al., 2002).  

In order to establish, inter-continental exotic plants generally require similar 

biotic and abiotic conditions in their new habitat for successful establishment and 

survival upon introduction. However, these plants are often introduced randomly 

into new habitats where conditions are not necessarily optimal. For example species 

from other climatic regions may be introduced into regions where local conditions 

are optimal, whereas others arrive in habitats that are too warm or too cold. Some 

species may establish locally and begin randomly spreading from the point of origin 

until they experience conditions that are physiologically limiting. Alternatively, 

others in sub-optimal habitats may expand their ranges pole-wards north or south, 

towards a thermal optimum.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Introduction routes for inter- and intra-continental plant species. Both, intra -continental and inter-
continental exotic plants that have reached their limiting temperature boundaries expand their ranges pole-
wards in all continents due to climate warming. Species in the northern hemisphere disperse northwards 
and species in southern hemispheres disperse southwards, adapted from (Morriën et al., 2010).  

Intra-continental range-expanders

Inter-continental exotics

Intra-continental range-expanders

Inter-continental exotics



Chapter 1 

 

 

 16 

An important difference between invasive plants that originate from the same (intra-

continental) or other (inter-continental) continents is that although the effects of 

climate warming may be similar to both groups, the invasion process for inter-

continental species starts in a world not easily accessible by their original enemies. 

For intra-continental range expanders, the possibilities of their natural enemies to 

become co-introduced by natural dispersal are much greater (van der Putten, 2010). 
Plant-enemy interactions are shaped by reciprocal natural selection (Ehrlich & 

Raven, 1964). Even small changes in selection pressures experienced by both parties 

may modify the ecological outcome of their interactions (Thompson, 2005). With the 

global introduction of species over large distances, species that have evolved in 

environments that are very different will likely undergo selection pressures that may 

be completely new (Cadotte et al., 2006). These species establish novel interactions, 

while old interactions are lost. A comparison between exotic plants with different 

geographical origins will provide a better understanding of the mechanisms that 

enable range expanding plants to become invasive.  

 

Plant-enemy interactions 

 

Although over one million insect species are known to exploit plants as their 

primary food source, the world still appears as a ‘green oasis’ (Hairston et al., 1960). 

Interspecific differences in relative levels of damage inflicted by herbivores on plants 

could reflect concomitant differences in their nutritional quality. The nutritional 

suitability of a host plant depends on several factors, including the levels of primary 

(nutrients) and secondary (defensive) metabolites present in plant tissues (Mattson, 

1980; Slansky, 1992). Nutrients such as nitrogen and carbon make up an important 

part of an herbivore’s diet. While secondary metabolites may act as repellents or are 

toxic to poorly adapted herbivores, such as dietary generalists, some insects have 

become adapted or specialized to certain kinds of allelochemicals whose volatile 

odours may even serve feeding and oviposition stimulants (Feeny, 1970; Berenbaum  

et al., 1986; Schoonhoven et al., 1998; Muller-Scharer et al., 2004). These interactions 

are long evolutionary arms-races consequently making the specialized insect highly 

dependent on their host species. Hence, specialized insect herbivores that are 

adapted to particular characteristics of their host plants e.g. by recognizing the shape 

or odour of their host plant as a suitable oviposition substrate (Renwick & Chew, 

1994), may not recognize a novel plant although it may be a suitable host.  

 

Herbivore performance and exotic plants 

 

Herbivores optimize their diet to their nutritional requirements which can be 

influenced by host plant apparency (Chew & Courtney, 1991) and abundance (Bach, 

1988). Hence, the availability of new food resource as a result of invasion by exotic 

plants may change the performance of herbivores in the invaded plant community. 
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Different characteristics of the suitability of exotic plants can affect herbivore 

performance. For example, exotic plants may bring novel defensive compounds into 

the community they invade which are unknown to the herbivore (Callaway & 

Ridenour, 2004). Consequently, exotic plants that experience phenotypic 

‘mismatches’ with natural enemies may experience fitness costs or benefits 

depending on the interaction mechanisms (Verhoeven et al., 2009). The effect of 

novel allelochemicals in exotic plants on their potential as disruptive invaders has 

received considerable attention in recent years. Cappuccino and Arnason 

(Cappuccino & Arnason, 2006) found that invasive plants in North America 

possessed more novel allelochemistries than did native plants. These novel 

compounds in exotic plants negatively affect herbivore development compared to 

native plants (Haribal et al., 2001; Keeler et al., 2006; Cipollini et al., 2008; Keeler & 

Chew, 2008). Alternatively exotic plants may also exhibit increased levels of 

defensive compounds when encountering generalist herbivores in their new range. 

For example, two generalist herbivores, the larvae of Trichoplusia ni and Orgyia 

vetusts had decreased performance on the invasive Eschscholzia californica, than on 

the native E. californica indicating increased resistance in the invasive type (Leger & 

Forister, 2005). Similarly, generalist herbivores had lower performance when feeding 

on invasive seaweed Fucus evanescens than on native seaweed (Wikström et al., 2006) 

It has also been shown that native herbivores preferred exotic plants over 

native plants (Parker & Hay, 2005), suggesting that not all exotics may possess 

invasive characteristics like novel or increased defenses. These results also suggest 

that some novel defenses can be dealt with by local herbivores. This process is called 

‘ecological fitting’ (Janzen, 1988; Agosta, 2006; Agosta & Klemens, 2008). For 

example, insects can often complete their development on many more plant species 

than the range of species that are actually being used in their current habitat (Smiley, 

1978; Janz et al., 2001).  

When native plants adjust their ranges in response to climate warming, 

theoretically their co-evolved insects may move with them (Andrew & Hughes, 

2004; Agosta, 2006; Merrill et al., 2008). However, in their new range, plants that 

colonize new areas also may experience changes in the composition of the associated 

insect community (Lawton & Strong, 1981; Rohde, 1992) where novel interactions 

with consumers may become established.  

Another important point is that plants are exposed to potential enemies in 

both the above-ground and below-ground ‘compartments’. The ability of 

aboveground and belowground enemies to track their host plant may differ, 

particularly as the soil biota have much lower, or untargeted dispersal capacity than 

many aboveground biota (van der Putten et al., 2004; Berg et al., 2010). The 

consequences for exotic plants to perform under these altered aboveground and 

belowground community compositions are mostly unknown.  
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Higher trophic interactions and exotic plants 

 

Higher trophic levels such as predators and parasitoids play and important role in 

controlling damage to plant tissues by feeding on herbivores (Hairston et al., 1960; 

Price et al., 1980; Schmitz, 2008). The importance of top-down control by predators 

and parasitoids is best described from biological control programs in agriculture 

where these insects are used to naturally control insect pests in crops (Julien & 

Griffiths, 1996). Importantly, interactions involving exotic plants and native insects 

will almost certainly work up to the third (or even higher) trophic level (Harvey  et 

al., 2003; Harvey et al., 2009). However, thus far virtually all studies of exotic plants 

and insects have been based on two-trophic level interactions (Harvey et al., 2010) 

(e.g. plant and herbivore) but see Cronin & Haynes (2004). Differences in the 

abundance of herbivores on native and exotic plants may in turn affect the 

abundance of predators and parasitoids (Cronin & Haynes, 2004). However, 

differences in the nutritional quality of exotic and native plants may also trickle up 

the food chain and affect the performance of predators and parasitoids as mediated 

through the herbivore prey or host (Barbosa et al., 1986; Barbosa et al., 1991; Harvey  

et al., 2003; Harvey, 2005; Ode, 2006; Gols et al., 2008). For a better understanding 

how herbivore impact differs between native and exotic plant species we need to 

include differences in top-down pressures from predators.   

 

Plant soil interactions 

 

Plant performance is influenced by a range of processes, including interactions with 

biotic and abiotic components of the soil (Wardle et al., 2004). Plants take up 

resources from the soil and also return resources to the soil. This process interacts 

with soil organisms that live in or around the root system of plants. Soil organisms 

may affect plant performance in positive or negative ways. Nematodes, insect 

herbivores and microbial pathogens can negatively affect plant performance by 

attacking the root system, although in some situations plants may actually benefit 

from root herbivory (Agrawal, 2000; Gange, 2001). On the other hand mutualistic 

organisms, such as nitrogen-fixing bacteria or mycorrhizal fungi, can increase plant 

performance by making nutrients present in the soil more easily accessible to the 

plant. In addition, belowground organisms can affect each other in many different 

ways that depend on the plant species. Therefore, different plant species will 

develop their own specific soil communities (Bezemer et al., 2010). The ecological 

outcome of the interplay between the plant and mutualistic and antagonistic 

organisms in the soil as these affect plant fitness is known as a ‘soil feedback’ 

mechanism (Bever et al., 1997; Ehrenfeld et al., 2005). 
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A mechanism for successful invasion  

 

The enemy release hypothesis implies that plant species can become invasive 

because of reduced pressure from herbivores in their new range when compared to 

the original range (Elton, 1958; Keane & Crawley, 2002). The enemy release 

hypothesis also includes that exotic plants may lose their co-evolved specialized 

natural enemies from their native range (Wolfe, 2002; Vila  et al., 2005). The net result 

of old enemies lost and new (generalist) enemies gained may be a reduction in 

herbivore pressure favoring the exotic plant relative to the native plants in the 

receiving community. However, exotic plants may also be preferred by native 

herbivores (Parker & Hay, 2005; Parker et al., 2006), a process that may limit the 

ability of an exotic plant to become established or dominant (Louda et al., 1997). This 

is called biotic resistance (Keane & Crawley, 2002). 

The ultimate test of ‘enemy release’ is to see whether herbivore densities on a 

plant in its native range are higher than in the exotic range and whether this results 

in enhanced performance of the exotic plants in their new range. However, newly 

encountered enemies may exert stronger selective pressures on the plant than the 

ones in the native range. The performance of exotic plants thus also depends on its 

suitability towards newly encountered herbivores. Whether or not exotic plants have 

lower suitability compared to native plants can be tested by determining herbivore 

performance. If in general herbivores experience decreased performance on exotic 

plants as a consequence of lower suitability, this could be a mechanism supporting 

reduced enemy control leading to invasive plants.  

 

Approaches for testing a mechanism for successful plant invasion 

 

In order to test whether exotic plants experience enemy release, herbivore numbers 

or herbivore loads could be compared between the native and exotic range or 

between exotic and native species in the invaded range. Many studies testing the 

enemy release hypothesis focused on single species comparisons (Jobin et al., 1996; 

Memmott et al., 2000; Blossey et al., 2001; Agrawal & Kotanen, 2003; DeWalt et al., 

2004; Wolfe et al., 2004). However, it is difficult to make general predictions about 

the efficacy of the Enemy release hypothesis since factors underlying the success of 

plants in becoming invasive are probably association-specific. This is because 

different species may respond to novel abiotic and biotic stresses in different ways. 

Therefore, a better understanding of the different mechanisms underlying the 

success of invasive exotic plants can be made by including a greater number of 

exotic species in studies of biotic invasions (Agrawal et al., 2005). Phylogenetically 

related species are more similar in ecology, biology and chemical and physical 

properties than phylogenetically more distant or unrelated species. By using 

phylogenetically related plant species in comparative studies of plants from native 

and exotic origin, testing for differences in insect performance will more likely reflect 
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actual differences in chemical properties rather than differences in ecology 

(Felsenstein, 1985; Agrawal & Kotanen, 2003; Strauss et al., 2006). 

Belowground interactions between the plant and soil community can be 

highly species-specific and changes in the abundance of particular soil biota can 

affect plant performance depending on the nature of the relationship (van der 

Putten, 2003). Plant root growth affects the belowground community physically and 

through the production of nutrients and secondary compounds. Antagonists like 

root herbivores or plant feeding nematodes are expected to negatively influence 

plant performance, whereas mutualists like mycorrhizal fungi benefit plant 

performance directly and indirectly via changes in soil nutrient availability. In order 

to determine the net effect of positive and negative interactions between the plant 

and its specific soil biota can be compare by plant-soil feedback approach (van der 

Putten, 2003). In that approach, plants are grown in soil in which they have 

conditioned biotic soil conditions and their performance is compared with that in a 

control soil. The difference in plant growth between conditioned and control soil is 

an indication of whether the plant experienced more negative than positive effects 

from the soil community. If the soil feedback is neutral, then effects of antagonists 

are neutralized by those of symbiotic mutualists. By comparing the soil feedback in 

exotic and related native plant species it is possible to test if exotic plants experience 

less enemy exposure than native species as indicated by a less negative to positive 

soil feedback effect. 

 

Thesis outline 

 

The main objective of this thesis is to get insight in whether climate warming 

induced range expanding exotic plants suffer less from aboveground enemies than 

native plants and whether exotic plants are less suitable than native plants leading to 

lower enemy performance. This objective also involved the understanding whether 

exotic plant species that have expanded their range from warm into previously 

colder habitats can become invasive via the same reduced enemy exposure 

mechanism that is assumed to benefit the performance of invasive exotic plants that 

are introduced from other continents.  

 

In Chapter 2, I start by studying the impact of above and belowground enemy 

pressure on exotic range-expanding plants and their native congeners. I test the 

hypothesis that range-expanding plants suffered less from aboveground generalist 

herbivores and from the soil community.  

 

In Chapter 3, I examine the influence of soil feedback of range-expanding plants and 

their native congeners on the performance of two aboveground polyphagous 

herbivores. The variety of soil feedback patterns may result in either enhanced or 

reduced performance of aboveground insects and could be due to less exposure to 
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soil-borne enemies, or to enhanced exposure to belowground symbionts of other 

beneficial soil biota. Here we test the null hypothesis that plant-soil feedback 

interactions do not alter the performance of aboveground insects. To test this I use 

two herbivores that are known to be able to feed on a wide variety of plant species, 

one species being a leaf chewing locust and the other species a phloem feeding 

aphid.   

 

In Chapter 4, I test the validity of the greenhouse results under field conditions. I  

compare the overall herbivore loads and the loads of four feeding guilds (leaf 

chewers, sap suckers, gallers and miners) on two exotic species, one from intra –and 

one from inter-continental origin, and their native congeners. In addition, I also 

examine differences in predator loads on the invertebrate herbivores. I test the 

hypothesis that herbivore loads on both exotic species are lower than on their native 

congeners. Further, I expect that predator loads on the herbivores will not be 

different. In addition, I hypothesize that herbivore loads, as well as predator loads 

on herbivores are not different between inter-continental and intra-continental exotic 

plants. 

 

In Chapter 5, I test the hypothesis that reduced exposure of exotic plants to 

aboveground herbivores will provide the exotic species with an advantage over 

related natives. In this test, I include both inter- and intra-continental range 

expanding exotic plants. This hypothesis is tested in a field experiment using gauze 

cages to exclude aboveground herbivores (both vertebrate herbivores and insects) 

from planted communities of exotic and related native plant species.  

 

Finally in Chapter 6, I discuss and synthesize the main findings from this thesis and 

present ideas for future directions in invasion ecology and in global change research.  
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Abstract 

 

Many species are currently moving to higher latitudes and altitudes (Walther et al., 

2002; Parmesan & Yohe, 2003; Pearson & Dawson, 2003). However, little is known 

about the factors that influence the future performance of range expanding species in 

their new habitats. Here, we show that range expanding plant species from a 

riverine area were better defended against shoot and root enemies than related 

native plant species growing in the same area. We grew fifteen plant species with 

and without non-coevolved polyphagous locusts and cosmopolitan polyphagous 

aphids. Opposite to our expectations, the locusts performed more poorly on the 

range expanding than on the congeneric native plant species, whereas the aphids 

showed no difference. The shoot herbivores reduced biomass of the native plants 

more than of the congeneric range expanders. Also the range expanding plants 

developed fewer pathogenic effects (Klironomos, 2002; Van Grunsven et al., 2007) in 

their root zone soil than the related native species. Current predictions forecast 

biodiversity loss due to limitations in the ability of species to adjust to climate 

warming conditions in their range (Warren et al., 2001; Thomas et al., 2004a,b). Our 

results strongly suggest that the plants that shift ranges towards higher latitudes and 

altitudes may include potential invaders, as the successful range expanders may 

experience less control by aboveground or belowground enemies than the natives.  
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Introduction 

 

Range expansion is a key adaptive feature of species in response to changes in 

climate, habitat availability and other limiting factors (Walther et al., 2002; Parmesan 

& Yohe, 2003; Warren et al., 2001; Thomas et al., 2004a,b; Lovejoy & Hannah, 2005; 

Brinkhuis et al., 2006). Currently, a number of species are showing rapid range 

expansion from warmer into previously colder biomes (Tamis et al., 2005). As not all 

species have the same range shift capacity, ecological interactions may become 

disrupted as the community species pool changes (Lovejoy & Hannah, 2005). Rapid 

range expansion and the loss of control by natural enemies are key features of 

invasive species (Levine et al., 2006; Keane & Crawley, 2002). However, very few 

studies have actually investigated range expansion in relation to enemy exposure 

(van Grunsven et al., 2007; Menendez et al., 2008). The aim of our study was to 

examine how rapidly range expanding plant species are defended against above-

ground and below-ground natural enemies as compared to related plant species that 

are native in the expansion zone. 

Plants are usually attacked by a wide variety of aboveground and 

belowground natural enemies (van der Putten et al., 2001). It is well established that 

invasive exotic plants are less exposed to aboveground and belowground control by 

natural enemies than related natives in the new range (Klironomos, 2002; Maron & 

Vila, 2001; Callaway et al., 2004; Reinhart et al., 2003; Mitchell & Power, 2003; van der 

Putten et al., 2005). However, phylogenetically controlled empirical evidence of 

exotic plant control by natural enemies is elusive (van Grunsven et al., 2007; Agrawal 

et al., 2005). Here, we compare range expanding invasive plants of inter-continental 

origin and intra-continental range expanding species with congeneric native plant 

species, all co-occurring in a riverine area. Aboveground, we exposed range 

expanding exotic plants of inter and intra-continental origin and congeneric native 

species to non-coevolved naïve polyphagous herbivores, as well as to cosmopolitan 

polyphagous herbivores. In the same experiment, we exposed all plants to a general 

soil community from the invaded range and compared their plant-soil feedback 

responses (Bever et al., 1997). We tested the hypothesis that the plants would not 

differ in their response to the polyphagous shoot herbivores, as all plants had equal 

familiarity with them, but that both the inter- and intra-continental range expanding 

species would develop less negative soil feedback than the related natives.  

 

Methods 

 

Floristic data were analyzed to identify exotic plant species in riparian areas in The 

Netherlands, which all have become well established in the 20 th century. We 

surveyed plants with a strong increase in abundance over the past few decades with 

congeneric relatives in the same habitat. We obtained seedlings of a selection of three 

intra-continental range expanders, three species that originated from other 

continents and naturalized in southern Europe prior to their northward range 
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expansion, and nine natives (Supplementary Table S2.1). Three extra native plant 

species were included to test the sensitivity of our phylogenetic comparison for 

species-specific effects. Soil samples were collected from Millingerwaard, inoculated 

into sterilized sandy loam soil, placed in 4 L pots and planted with 4 individuals of 

one species pot-1. After 8 weeks in a greenhouse, the plants were harvested and the 

soils were used for a second growth experiment in order to measure plant-soil 

feedback effects (Bever et al., 1997; van der Putten et al., 2007). In that second stage, 

each plant species was grown in own soil (previously containing individuals of the 

same species) and control soil (a mixture of soil from all other plant species,  

excluding species from the same genus). After 7 weeks, we placed all pots 

individually in cages and added aboveground herbivores to half the control soil pots 

that had been assigned to the herbivory treatment at the start of the experiment (n = 

5). We used 5 day-old first instar locust nymphs of the African desert locust, 

Schistocerca gregaria (Forskål) which is highly polyphagous throughout all stages of 

its development and is non-coevolved with any of the tested plant species. Also 

Myzus persicae (Homoptera; Aphididae), the green peach aphid, a highly 

polyphagous herbivore, was used which has a cosmopolitan distribution. Three 

weeks after adding the herbivores, all plants were harvested, dried, weighed, and 

analysed.  

 

Results 

 

Opposite to our hypothesis, aboveground herbivory influenced plant biomass of 

range expanding species differently from the natives (plant origin x herbivory 

interaction: F1,108 = 4.58; P = 0.035; Fig. 2.1a). Herbivores caused significant biomass 

loss to native plants (the species mean proportional biomass reduction was -38.7% 

and differed from zero: t = -2.98, d.f. = 8, P = 0.017), whereas the effect of herbivory 

on the range expanding species was much smaller and not significantly different 

from zero (effect size -17.3%: t = -1.69, d.f. = 5, P = 0.151; Fig. 2.2a).  

 

Although the range expanding species overall had more shoot biomass than the 

native species (P < 0.0001), locust survival was significantly lower on the range 

expanding than on the native species (F2,52 = 9.57, P = 0.0003 after Post-hoc Tukey; Fig 

2.3a). Aphid numbers, on the other hand were not significantly affected by host 

plant origin (n = 15, H = 0.897, P = 0.639; Fig 2.3b). The negative effect of the range 

expanding plants on the locusts could not be explained by two general indicators of 

food quality, C/N-ratio and N content of the foliage (P = 0.197  and P = 0.597 

respectively). Interestingly, the levels of phenolic compounds in the foliage were 

higher in range expanding plants with herbivory than in range expanding plants 

without herbivory and in the native plants with and without herbivory (interaction 

effect F1, 103 = 13.07; P = 0.0005; Supplementary Fig. S2.1). 
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Figure 2.1. Biomass of range expanding exotic and related native plants as influenced by non-coevolved 
and cosmopolitan polyphagous shoot herbivores and by soil feedback.  Upper panel (a):  shoot biomass 
(mean dry weight ± s.e.m.) of range expanding exotic and congeneric native plants without herbivory (grey 
bars) and plants exposed to aboveground herbivory by the locust Schistocerca gregaria and the green 
peach aphid (Myzus persicae) (white bars) show that most plants experienced a significant biomass loss 
during three weeks of exposure, but that biomass loss due to herbivory was severest on native plants. 
Lower panel (b): total biomass (mean dry weight ± s.e.m.) on control soil (grey bars) and own soil (white 
bars) shows that natives are reduced more than range expanding exotic species on own as compared to 
control soil. Bars show back-transformed means of log-transformed data. In both panels, an asterisk above 
a pair of bars indicates statistically significant effects of treatment within plant species (t -test, P < 0.05). 
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Figure 2.2. Average responses of range expanding exotic plants (grey bars; n=6 species averages) and 
related native plants (white bars; n=9 species averages) to herbivory by non-coevolved and cosmopolitan 
polyphagous shoot herbivores and by soil feedback. Upper panel (a): Relative effects of abo veground 
herbivory by the locust Schistocerca gregaria and the green peach aphid (Myzus persicae) on shoot 
biomass (mean dry weight ± s.e.m.). Lower panel (b): The feedback effect of the soil community to total  
biomass production. Native species on average experienced significant negative soil feedback (indicated by 
asterisks; P < 0.05), whereas exotic range expanding plants did not differ from a neutral response (P > 
0.05). Panel (b) shows back-transformed means of log-transformed data. 
 

This indicates that range expanding plants were better than natives in inducing 

general defenses against non-coevolved shoot herbivores. The inter-continental 

range expanders were slightly less negatively affected by herbivory than the intra-

continental range expanders (range expander origin x herbivory: F1,44 = 4.25, P = 

0.045; Supplementary Fig. S2.2a). Nevertheless, the three intra-continental range 

expanders suffered significantly less from shoot herbivory than the congeneric 

natives (origin x herbivory F1,52 = 6.45; P = 0.014). Bidens was the only genus to show 

contrasting effects between native species within a genus (Supplementary Fig. 

S2.3a). 

Native plant species also suffered more from belowground biotic interactions 

in their own soil compared to control soil than range expanding plants (plant origin 

x soil interaction: F1,112 = 4.16, P < 0.043; Fig. 2.1b). The native species experienced 

significantly negative soil feedback (-12.8%, difference from zero: t = -2.52, d.f. = 8, P 

= 0.036), whereas that of the range expanders was much smaller and not different 

from a neutral effect (-3.7%, difference from zero: t = -0.96, d.f. = 5, P = 0.381; Fig. 

2.2b). The performance in own versus control soil did not differ between the intra 

and inter-continental range expanders (range expander origin, soil and the 

interaction between range expander origin x soil are: F1,46 = 0.41, P = 0.526; F1,46 = 2.39, 

P = 0.129 and F1,46 = 0.84, P = 0.363; Supplementary Fig. S2.2b). As observed for 
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aboveground herbivores, a contrasting effect between native species within genus 

was observed for Bidens only (Supplementary Fig. S2.3b).  

Across the herbivory and soil feedback treatments, in 14 out of 18 within-

genus comparisons the biomass reduction of the natives was stronger than of the 

range expanders (non-parametric Sign Test M = -5, P = 0.031; see Supplementary 

Information). However, above and belowground biotic interactions did not vary in 

concert with each other; Spearman's rank order correlation of the shoot herbivore 

and soil feedback effects on species within sets of native and range expanding plant 

species were not significant (P = 0.865 and P = 0.329 respectively; see Supplementary 

Information), we conclude that although range expanding plants were less sensitive 

to shoot herbivory and negative soil feedback than natives, the magnitude of the 

above and belowground effects did not necessarily vary in the same order.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 2.3. Performance of non-coevolved and cosmopolitan polyphagous shoot herbivores on native plant 
species and range expanding species of intra –and inter-continental exotic origin. Upper panel (a): The 
proportion of survival (back-transformed means ± s.e.m. from arcsine data) of the naïve generalist 
herbivore Schistocerca gregaria, that did not have any previous experience with any of the plant species 
used, on native (white bars), intra-continental range expanders (grey bars) and inter-continental range 
expanders (black bars) shows an on average lower survival on range expanders from both origins relative  
to native host plant species. Letters indicate significant differences between bars. Lower panel (b): Mean 
total numbers ( ± s.d.) of the generalist aphid Myzus persicae after 3 weeks feeding assay demonstrate 
that the on average population increase is independent of the origin of host plants; native (white bars),  
intra-continental (grey bars) and inter-continental (black bars) respectively. 



Chapter 2 

 

 30 

Discussion 

 

Our results provide new evidence that plants which are successful in range 

expansion towards higher latitudes interact more differently with shoot herbivores 

than congeneric plant species that are native to the invaded range. Although all 

plant species were equally novel to the desert locust, the locusts experienced 

reduced survival on these successful range expanders, but not on these related 

native plants. On the other hand, the cosmopolitan aphid was not influenced 

differentially by plant origin. Our hypothesis predicted no differences; however, the 

shoot herbivores reduced the biomass of these range expanding plants less than that 

of these related native plant species. The negative soil feedback of these native plants 

as compared to these range expanders was more in line with our hypothesis. Thus 

far, studies on enemy exposure to exotic invasive weeds have usually focused on 

enemies from the invaded range, or on invasive enemies (Parker et al., 2006). Our 

results suggest that the plant species successfully expanding their range towards 

higher latitudinal riparian areas possess superior defense traits when compared to 

related native species. In this respect, these successful range expanders have 

similarities with invasive exotic plants (Agrawal et al., 2005), which also are superior 

in short-term resource acquisition (Funk & Vitousek, 2007), although there was no 

correlation between the strengths of above and belowground enemy effects.  

 Thus far, most attention has focused on the uncoupling of food chain 

interactions due to regional climate warming (Menendez et al., 2008; Davis et al., 

1998; Both & Visser, 2001). Here we show that some successful range expanding 

riparian plant species (Tamis et al., 2005) have less aboveground and belowground 

enemy impacts, even when exposed to non-coevolved and cosmopolitan 

polyphagous aboveground herbivores. Thus, these successful range expanders 

differed in defense trait characteristics from these congeneric natives. Our sampling 

strategy was focused on successful range expanders into northern riparian habitats. 

Future studies should also explore other habitats, as well as less successful range 

expanders in order to test whether, for example, trees and dry land plant species 

show similar responses. Poor range shift capacity has been predicted to result in a 

loss of diversity (Warren et al., 2001; Thomas et al., 2004a). However, the prediction 

of consequences of climate warming and other changes that result in range 

expansion require inputs from different fields in ecology (Guisan & Thuiller, 2005). 

Our results suggest that successful range expanding plant species may include 

species with invasive properties, which is crucial information for the future 

conservation of biodiversity in temperate and northern latitudes.  
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Supplementary Information 

 

Plant species, seeds, soil and aboveground herbivores 

We set out to compare exotic range expanding and related native species accoding to 

the following criteria; The range expanding plants have established in the 

Netherlands in the 20th century, they increased in grid cell abundance in the last 

decades of the 20th century, they have related native species in the same genus and 

they all occur in the same habitat. This information was derived from the National 

Standard List of the Dutch flora (Tamis, 2005) using square kilometer frequency 

records collected before 1950, between 1975-1987 and between 1988-1999. In order to 

calculate the national frequency of a plant species, we first calculated the sum of the 

proportional presence in all the 25 regions of The Netherlands. This proportional  

presence is calculated by the regional presence of a species (FE) times its frequency in 

surveyed kilometer cells (WE). The national presence of a plant species in The 

Netherlands (PNeth) is calculated by multiplying the sum in all regions by 1,000 

divided by the total number of kilometer cells in the Netherlands (ANeth). This 

national presence of a species is expressed as a permillage of all kilometer grid cells  

(Tamis, 2005). 

 

 

 

 

 

Plants were considered successful range expanders if they were first recorded 

throughout in the twentieth century and showed a 10-fold increase in frequency in 

the last decade (nineteen nineties) when compared to the first half of the twentieth 

century. Based on the above criteria we chose to census range expanders and 

congeneric natives from the same riverine habitat of the Geldersche Poort region. 

The floristic database search yielded 17 successful range expanders from this habitat 

type. From these, we included in the experiment all species (six, from six different 

genera) that had a native congeneric species occurring in the same habitat and for 

which we could obtain and successfully germinate seeds. For each exotic range 

expander we included in the study one (three genera) or two (three genera) native 

species from the same genus (Supplementary Table S2.1). All species belong to the 

family Asteraceae, except for the genus Angelica (Apiaceae).  

Seeds were collected from the field or, in some cases, purchased through a 

specialized seed supplier who collects seeds from local plant populations. All seeds 

were surface sterilized by a 1 % hyperchloride solution and germinated on glass 

beads supplied with demineralised water at a 10-20 °C, 10-14 hrs night-day regime 

for early summer species and a 15-25 °C, 8-16 hrs night-day regime for late summer 

species. In order to synchronize the ontogeny, the seedlings were placed at 4 °C with 

continuous illumination until transplantation. After transplantation, dead seedlings 

were replaced until the third week of the experiment.  

PNeth = 
1,000 

ANeth 
FE х WE 

E=25 

E=1 

∑ 
 

х 
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Supplementary Table S2.1.  Origin, climate characteristics and frequency of occurrence of 6 range 
expanding exotic and 9 related native plant species that have been used in the present study. Range 
expanding species originate from either Eurasia or other continents; all species entered The Netherlands 
through range expansion. The original range of distribution of each species (4 th column) is matched with the 
climate conditions (3rd column) within this range according to the modified Köppen-Geiger climate 
classification (Kottek et al., 2006). The 5th and 6th columns show species frequencies of occurrence in the 
Netherlands before 1950 and at the end of the 20 th century, respectively. These frequencies indicate the 
amount of grid cells across The Netherlands occupied by that specific plant species before 1950 and 
between 1988 and 2000, expressed on a per mil basis. In the last column, the percent change in frequency 
is based on the number of grid cells in The Netherlands where the species have been observed (see 
Supplementary methods above for calculation) after 1988, when temperatures started to rise (Tamis et al., 
2005). When considering species as replicates, the change in frequency is significantly higher for exotic 
range expanding species than for native species (one-way ANOVA; F1,13 = 23.48, P < 0.001).  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We collected soil from five randomly chosen sites in the Millingerwaard, (the 

Netherlands; 51°87’ N, 6°01’ E), a nature reserve in the Geldersche Poort region 

where all range expanding and related native plant species co-occur. The soil 

samples were homogenized, as we were not interested in spatial variation in the 

field, and used as an inoculum and introduced into a sterilized sandy loam soil from 

Mossel, Planken Wambuis (52°06’ N, 5°75’ E). The soil sterilization was carried out 

by gamma radiation (25 kGray ), which eliminated all soil biota (van der Putten et al., 

2007).  

As a naïve herbivore, we choose the generalistic African desert locust 

Schistocerca gregaria (Forskål), because this species is highly polyphagous during its 

gregarious phase. This locust is not native to the Netherlands and is unlikely to share 

a co-evolutionary history with any of the plant species used, as it occurs in north-

central Africa and Asia. The exclusive circumstance of the feeding naïveness of the 
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locust towards all plant species, enabled us to consider all plants, both the range 

expanding and the native species, as having defenses which are potentially novel to 

the herbivore. The nymphs were obtained from a gregarious rearing on grasses of 

the Laboratory of Entomology of Wageningen University, The Netherlands. As a 

cosmopolitan generalist herbivore, we selected Myzus persicae (Homoptera; 

Aphididae), the green peach aphid, which was obtained from a culture from 

Wageningen University. It is highly polyphagous and feeds on a wide variety of host 

plant families.  

 

Experimental setup 

Phase I: soil conditioning. One hundred and fifty 4L pots were filled with a 5:1 mixture 

of sterilized soil and inoculum soil collected from Millingerwaard. We established 10 

replicate pots of each plant species (6 range expanders and 9 natives). Each pot 

received 4 seedlings and the experiment was carried out in a greenhouse under 

controlled conditions (60 % RH, day: 21 ±2°C; night 16 ±2°C). Additional light was 

provided by metal halide lamps (225 μmol -1 m-2 PAR) to ensure a minimum light 

intensity during 14 hr daytime. Plants were provided with demineralised water 

every second day to compensate for water uptake and evapotranspiration. Every 

week, initial soil moisture level was reset by weighing. In order to prevent plants 

from nutrient depletion, Hoagland solution was added at a rate of 25 ml of 0.5 

strength week-1, which is a dosage that does not prevent the establishment of 

arbuscular mycorrhizal fungi (van der Putten et al., 2007). After 8 weeks of growth, 

the plants were harvested and the conditioned soils were used for a second growth 

phase to test the plant-soil feedback effect and the effect of aboveground herbivory.  

Phase IIa: soil feedback. The conditioned soil from every pot in phase I of the growth 

experiment was split into two halves. One half was placed in a 1.3L pot to be called 

‘own’ soil. The other half was used to create a pot with control soil. The control soil 

of every plant species contained soil conditioned by all other plant species, excluding 

plants from the same genus. We established five replicates with own and ten with 

control soils: each replicate was made from a separate replicate from the soil 

conditioning phase. Five of the ten pots with control soils were assigned randomly to 

a shoot herbivory treatment (further described below at Phase IIb). We planted 3 

seedlings per pot. Water, light and nutrient conditions were supplied as in phase I, 

except that 10 ml of 0.5 Hoagland solution was added on a weekly basis. This 

reduced and more concentrated rate was necessary, because the pots were smaller, 

there were fewer plants and there was less evaporation from the soil surface. After 

week 10, all roots and shoots were harvested, air-dried at 70 °C for 48 hours and 

weighed as total root and shoot biomass per pot. Soil-feedback was calculated using 

total (shoot and root) dry biomass. Soil feedback was calculated for each replicate 

separately as: (total biomass own soil – total biomass control soil) / (total biomass 

control soil)2. A negative feedback indicates net pathogenic activity, whereas a 

positive feedback indicates net symbiotic activity, whereas a neutral feedback 
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indicates that pathogens and symbionts are either not active, or that they neutralize 

the effects on each other (van der Putten et al., 2007). 
 Phase IIb: shoot herbivory. In the 7th week, the five replicates of the control plants that 

had been assigned randomly to the shoot herbivory treatment at the start of the 

experiment were exposed to the locusts, which were added at a rate of 3.pot-1. The 

African desert locusts (average weight = 0.0858 g, n=79) and the aphids were 

prevented to escape by placing all pots (including those from the soil feedback 

experiment) individually in spherical nets (Ø 25 cm, height 1.5 m). Before the start of 

the treatment the locust nymphs were starved for 24 hours. Subsequently, they were 

allowed to feed for 3 consecutive weeks until harvest. Once per week, locust survival 

was determined. The first cohorts of the aphids were reared on white radish 

(Raphanus sativus) in transparent boxes (40 cm • 50 cm • 65 cm) which were stored in 

a climate room with conditions of 21 °C, a 14-hr light / 10-hr dark period and 60% 

RH. We started with 8 maternal lines which were mixed in the last growth cohort to 

ensure sufficient genetic diversity before being transferred to the experiment. From 

the rearing only apterous adults with similar size were selected. Each replicate from 

each plant species received 5 individuals. After 3 weeks of feeding we counted total 

number of aphids per replicate pot.  

All phase II shoot herbivory and soil feedback pots were completely randomized in 

the greenhouse. Plants exposed to herbivory were harvested at the same time as the 

plants exposed to soil feedback, after week 10 (described above), and we analyzed 

herbivore effects on shoot biomass. Relative herbivory effects were calculated as 

(shoot biomass with herbivores – shoot biomass without herbivores) / (shoot 

biomass without herbivores). We also determined locust survival and aphid 

population growth (see above).  

 

Chemical analyses 

Shoot tissue C and N, as well as levels of phenolic compounds, which are general 

plant defensive chemicals (Hunter & Forkner, 1999) were determined and insects 

were counted. Whole dry shoots were used to analyze total phenolic content 

following a modified Folin-Denis protocol (Waterman & Mole, 1994). Dry plant 

material was ground and 0.025 g was weighed into a test tube with 5 ml of 1.2 M 

HCL in 50% aqueous methanol, heated for 2 h. at 90°C and centrifuged at 6000 rpm 

for 10 min. Folin –Denis reagents (0.2 ml) was mixed with 0.2 ml supernatant and 1.0 

ml Na2CO3. After 30 min and centrifuging at 14000 rpm for 5 min absorption at 750 

nm was measured to determine total phenol content to be calculated as percentage 

of the dry weight. In addition, total C and N contents of the whole shoots were 

determined by catalytic oxidation and gas chromatography (Nieuwenhuize et al., 

1994). 

 

Statistical analyses 

Effects of herbivores or soil pre-treatment on plant biomass were analyzed 

separately in the fixed effects ANOVA model: Y ijkl=μ+Oi+Tj+SOk(i)+ T*Oij+T*SOjk(i)+ε; 
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where Yijkl is the shoot biomass (herbivory tests) or the log total (ln(biomass+1)-

transformation; soil feedback tests) for the lth plant from the kth species in the jth 

treatment; T is the treatment effect, O is the origin effect and S is the species effect, 

where species are nested within origins. All variables were considered fixed effects. 

Species was considered fixed because our approach was to census the available 

exotics (that meet our criteria for successful range expansion) plus their genus-

matched natives from a specific riverine habitat type; our procedure for species 

selection (see above) did not result in a random sample of natives and exotics. Note 

that the decision to consider species as a fixed nested effect results in statistical 

testing of all model terms over the model residual error (Neter et al., 1996) and as a 

consequence statistical inference is limited to the set of species that are included in 

the study, although and as argued above, the species represented a selection as 

complete as possible for such riverine ecosystems.  

Of primary interest is the treatment x origin interaction, indicating whether 

treatment effects differ between native and range expanding species. Similar models 

were used to test for differences between native and range expanding species in 

nitrogen content, C/N ratio, levels of phenolic compounds in the herbivore assay. To 

analyze origin effects on locust survival, aphid numbers were added as a covariate. 

These analyses were performed in SAS version 9.1 for Windows (proc MIXED, SAS 

Institute Inc., Cary, USA). Aphid scores did not meet standard assumptions for 

analysis of variance and we therefore analyzed the effect of plant origin (native, 

intracontinental and intercontinental) on aphid numbers using a nonparametric 

Kruskal-Wallis test based on species mean values. Additional t-tests were performed 

for each species individually to assess significance of the treatment effect at the 

species level, and we also used t-tests (based on species mean values) to test whether 

the soil feedback effect and the proportional herbivory effect of the natives and 

range expanders differed significantly from zero. To improve normality of residuals 

and homogeneity of variances among groups defined by the statistical models, plant 

biomass for soil-feedback analysis was natural log-transformed, shoot phenolic 

content was square root-transformed, shoot N content was square rooted natural 

log-transformed and locust survival was arcsine transformed prior to analysis. For 

the analysis on species frequencies the values were square rooted before log 

transformation. In order to test for a relationship between effects of shoot herbivory 

and soil feedback a Spearman rank order correlation was performed with the species 

as replicate units. We did not find a significant correlation, neither for the range 

expanders (n = 6; R2 = 0.236, P = 0.329), nor for the natives (n = 9; R2 = 0.004, P = 0.865). 

Therefore, we concluded that plants that although range expanding plants were less 

sensitive to shoot herbivory and negative soil feedback than natives, the magnitude 

of the above and belowground effects did not necessarily vary in the same order.  
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Supplementary results 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure S2.1. Phenolic content of range expanding and native plant species with and without herbivory. Bars 
show average phenolic content (percentage/g ± s.e.m.) in plant shoot with herbivory (white bars) and 
controls (grey bars) for range expanding (n=6 species averages) and native (n=9 species averages) plant 
species. Only range expanding plants exhibit significant (* P < 0.05) higher phenolic contents when 
exposed to herbivory. Back-transformed data of square root transformed data are shown. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2.2.  Results of soil feedback and herbivory between intra -continental (Eurasian) and inter-
continental (non-Eurasian) range expanding plant species. Upper panel (a): The originally inter-continental 
range expanding species were slightly less negative affected by herbivory than the intra -continental range 
expanders (range expander origin x herbivory: F1,44 = 4.25, P = 0.045). Lower panel (b): Soil feedback 
was not different (P > 0.05) between inter -and intra-continental range expanders.  
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Figure S2.3.  Individual proportional responses of the range expanding and native plant species to a naïve 
aboveground herbivore and soil feedback. Upper panel (a): Relative herbivore effect on range expander 
(grey bars) and native (white bars) shoot biomass ((shoot biomass with herbivores – shoot biomass 
without herbivores) / (shoot biomass without herbivores) ± s.e.m.) by Schistocerca gregaria and Myzus 
persicae reveals that there was individual variation among plant species, but that the overall impact on 
range expanding plant species was lower than on native plant species. Lower panel (b): Relative plant soil 
feedback (back-transformed means of log-transformed data of ((total biomass own soil – total biomass 
control soil) / (total biomass control soil) ± s.e.m.) of range expanding (grey bars) and native (white bars) 
species reveals variation among species, but an overall stronger negative impact of soil feedback on native 
than on range expanding plant species. 
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Treatment effect sizes for individual species and within-genus comparisons between range 

expander and native species 

The overall analysis of the herbivory dataset and the soil feedback dataset revealed 

significant treatment-by-origin interactions, with natives suffering more biomass loss 

than exotics due to the herbivory and the ‘own soil’ treatments. In order to assess the 

generality of this pattern across the different species that were included in the study, 

Supplementary Figures S2.4 and S2.5 show plots of the raw data for each species. For 

each species the effect size is given as the difference between the means of the two 

treatment levels, and p values are from t-tests of treatment effect within each species 

separately. The treatment effect is more often significant in native species than in 

exotic range expanding species. The effect of herbivory is significant in 6 out of 9 

natives versus 2 out of 6 exotics (Supplementary Fig. S2.4) and the effect of soil 

feedback is significant in 4 out of 9 natives versus 1 out of 6 exotics (Supplementary 

Fig. S2.5). Within a genus, the biomass reduction caused by the treatment is typically 

stronger in the native than in the exotic congener. Both herbivory and soil feedback 

give a stronger biomass reduction (negative effect size) to the native congener in 7 

out of 9 within-genus comparisons (Supplementary Figures S2.4 and S2.5).  

Over the two experiments, in 14 out of 18 within-genus comparisons the 

treatment response was stronger in the native species. Using a Sign Test, this is 

significantly more often than would be expected by chance (M = -5, P = 0.031). The 

non-parametric Sign Test is considered an insensitive, low-power test. Thus, the 

significant result provides strong evidence that the main results from the overall 

analysis, namely that natives respond more strongly to the treatments than exotics, 

hold very generally across the species and the genera that were included in the 

present study. 
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Figure S2.4.  Plots of the raw data of the herbivore effects on each plant species. Herbivore effects on each 
plant species, arranged by genus (rows). Left panels are range expanding species; middle and right panels 
are congeneric native species (the second native species was added to three genera in order to compare 
within genus effects between native congeners). Herbivory treatments: 0, without herbivores; 1, with 
herbivores. For each plant species (left the range expander, middle and right the congeneric native species; 
in three genera there were two congeneric natives) the effect size is given  as the di fference between the 
means of the two treatment levels, and P values are from t-tests of treatment effect within each plant 
species. 
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Figure S2.5. Plots of the raw data of the soil feedback effects on each plant species.  Soil feedback effects 
on each plant  species, arranged by genus (rows). Left panels are range expanding species; middle and 
right panels are congeneric native species (the second native species was added to three genera in order 
to compare within genus effects between native congeners). Soil treatments: 0, control soil; 1, own soil. 
Total plant biomass scores are after ln(biomass + 1) transformation. For each plant species (left the range 
expander, middle and right the congeneric native species; in three genera there were two congeneric 
natives) the effect size is given as the difference between the means of the two treatment levels, and P 
values are from t-tests of treatment effect within each plant species. 
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Abstract 

 

Native and exotic plants differ in their interactions with aboveground and 

belowground organisms, and feedback interactions between plants and their soil 

communities can play an important role in de success of invasive plant species. 

There is also some evidence that belowground organisms can influence interactions 

between plants and shoot feeders and that these effects differ between native and 

exotic plant species. However, whether and how plant soil-feedback effects influence 

the performance of shoot-feeding insects in native and exotic plant species is 

unknown. We examined the performance of polyphagous shoot-feeding insects on 

native and exotic plants growing in soil previously conditioned by the same (own 

soil) or by other plant species (control soil). In addition, we tested whether the effects 

of the soil community on herbivore performance were different between exotic 

plants originating from other continents (inter-continental exotics) and exotic plants 

that originate from the same continent (intra-continental exotics). We exposed the 

plants on own and control soil to two polyphagous invertebrate herbivore species 

that differ in their feeding strategy. We measure adult size, individual mass and 

survival of the leaf chewing desert locust Schistocerca gregaria and population size 

and individual body size of the phloem feeding green peach aphid Myzus persicae. 

Locust mass was on average lower on exotic plants than on native plants and also 

lower on plants grown in own soil than in control soil. Survival of the locusts was 

higher on native plants and not influenced by soil type. The locust mass and survival 

was significantly lower on both intra-continental and inter-continental exotic plants 

than on native plants; there were no differences between the inter- and intra-

continental exotic plants. The population size and body size of the aphids did on 

average not significantly differ between exotic and native plants, although aphids 

attained higher population sizes on intra-continental than on inter-continental exotic 

plants. Aphid body size was not different between the range expanders. This could 

be due to a faster rate of population growth on exotic compared to native plants in 

two of the six plant genera that were used in this study: Angelica and Artemisia. The 

results show that the performance of two polyphagous aboveground herbivores can 

be influenced by plant specific soil communities and that herbivore performance was 

low on exotic plants on both soils. Our results suggest that exotic plants not only 

differ from related native plants in their soil feed-back effects and in their effects on 

aboveground herbivores, but also on aboveground herbivores via the effect of the 

plant specific soil community. 

 

Keywords: Range expansion, exotic, climate warming, polyphagous herbivore, 

phenolic content, plant defense, nutritional quality, enemy release 
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Introduction 

 

Invasions by exotic plants can have highly deleterious effects on the functioning, 

diversity and stability of the invaded ecosystems. Therefore, plant invasions are of 

great concern worldwide (Vitousek et al., 1996). A recent meta-analysis showed that 

on average invasive exotic plants contained more novel plant defense compounds 

and are therefore potentially better defended than native plant species (Cappuccino 

& Arnason, 2006). The growth and reproduction of insect herbivores depends on the 

nutritional quality of the host plant, which is determined by the concentrations of 

primary compounds such as carbon and nitrogen, as well as the types and 

concentrations of secondary, or plant defense compounds (Mattson, 1980; Slansky, 

1992; Awmack & Leather, 2002). Consequently, insect herbivores will perform less 

well on exotic than native plants (Renwick, 2002; Keeler & Chew, 2008; Harvey  et al., 

2010). Reduced impact from herbivory in the introduced range has even been 

proposed as one of the major mechanisms explaining the invasive success of exotic 

plant species in new ranges (Keane & Crawley, 2002). 

 

The effectiveness of a plant’s anti-herbivore defenses can be greatly influenced the 

herbivores’ mode of feeding (Tallamy, 1986). For example, defensive compounds 

that are effective against leaf chewing herbivores such as caterpillars or locusts may 

not be effective against phloem feeders like aphids that seal damaged cell walls 

directly after penetration of the leaf surface with their stylet (Walling, 2008). 

Likewise, leaf chewing insects exhibit adaptations that enable them to avoid the 

negative effects of plant chemical defenses. For example, some herbivores feed on 

older leaves with lower concentrations of allelochemicals, whilst others may chew 

trenches in leaf veins that prevent the delivery of allelochemicals to outer leaf tissues 

(Schultz, 1983; Bezemer et al., 2004). 

 

Although the majority of studies on invasive plants and their associated herbivores 

focus on aboveground herbivory, plants are also exposed to belowground enemies 

such as pathogens and root herbivores. Exotic plants can greatly impact their soil 

community (Kourtev et al., 2002; Callaway et al., 2004; van der Putten et al., 2007a). 

Moreover, similar to what has been reported from aboveground studies, native 

plants typically suffer more from negative feedback interactions between plants and 

soil communities than exotic plants (Ehrenfeld et al., 2001; Klironomos, 2002; 

Callaway et al., 2004; Reinhart & Callaway, 2004; Agrawal et al., 2005; van Grunsven 

et al., 2007; Engelkes et al., 2008). Interactions between plants and their associated soil 

organisms can influence aboveground plant quality and foliar herbivore 

performance (Gange & Brown, 1989; Masters et al., 1993; Bezemer et al., 2003; 

Bezemer & van Dam, 2005; Soler et al., 2005). However, while the separate effects of 

invasive plants on their associated aboveground and belowground antagonists have 

been investigated extensively (Willis et al., 1999; Siemann & Rogers, 2001; Bossdorf et 

al., 2004; Lankau et al., 2004; Leger & Forister, 2005), very little is known about how 
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the different impact of plant-soil effects on native and exotic plant species affect 

aboveground herbivore. 

 

Most studied biological invasions are intentional or unintentional introductions of 

exotic species from one continent to another due to human activities. Another type 

of exotic invader is due to the current rapid climate warming, which enables species 

from lower latitudes to shift their range to higher latitudes (Parmesan et al., 1999; 

Walther et al., 2002; Tamis et al., 2005). As a result, within continents exotic plants 

may expand their range, creating new interactions with newly encountered 

herbivores (Agosta & Klemens, 2008). Most studies investigating novel interactions 

such as herbivore performance on exotic plant species have focused on plants that 

originate from overseas (inter-continental origin). While the effects of the soil 

community on growth of range expanding plants has recently been investigated 

(van Grunsven et al., 2007; Engelkes et al., 2008; MacKay & Kotanen, 2008; van 

Grunsven et al., 2009), the effects of their soil communities on aboveground 

herbivore performance is still unknown.  

It has been shown that exotic plants experience lower impact from negative 

soil biota in their new range, resulting in a less negative to a positive soil feedback 

compared to natives (Klironomos, 2002; Reinhart & Callaway, 2004; Agrawal et al., 

2005; Andrew et al., 2006; van der Putten et al., 2007b; van Grunsven et al., 2007; 

Engelkes et al., 2008). These feedback patterns may be due to less exposure to soil-

borne enemies, or to enhanced exposure to belowground symbionts of other 

beneficial soil biota (Colautti et al., 2004). This variety of plant-soil feedback effects 

may result in either enhanced or reduced performance of aboveground insects. 

Therefore we will test the null hypothesis that plant-soil feedback interactions do not 

alter the performance of aboveground insects. If the null hypothesis is rejected, we 

will examine whether aboveground insect performance is enhanced or reduced 

compared to insects feeding on plants in control soil. We used two aboveground 

polyphagous herbivores, the desert locust S. gregaria and the green peach aphid M. 

persicae and compared their performances on exotic and related native plant species 

between plants in own soil and in control soil. The own soil was conditioned by a 

conspecific plant, whereas the control soil was conditioned by other plant species 

that did not belong to the same genus. We also compared the influence of soil biota 

on the herbivore performance between inter –and intra-continental exotic plants.  

We performed our tests, using exotic plant species and phylogenetically related 

natives from six different genera. While we did our test using two polyphageous 

herbivore species with a very broad host plant range, it is inevitable that their 

performance will greatly differ between plant species and genera due to 

phylogenetically conserved traits (Winkler & Mitter, 2007) such as anti-herbivore 

defenses (Agrawal & Kotanen, 2003; Strauss et al., 2006). Within genera, however, 

differences in insect performance between exotic and native species more likely will 

be due to differences in species traits, since we selected closely related plant species 

that are ecologically and biologically alike (Felsenstein, 1985; Futuyma & Mitter, 
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1996; Jermy & Szentesi, 2003; Lewinsohn  et al., 2005). In order to determine to what 

extent differences between genera may be due to plant-species specificity, for three 

different genera, we included two native species in the comparison with the exotic 

species.  

 

Methods 

 

Herbivore selection and bioassay 

Locusts. As a leaf chewing generalist herbivore we selected the African desert locust 

Schistocerca gregaria (Forskål). This locust species originates from semi-arid areas in 

north-central Africa to Asia. The nymphs were obtained from a gregarious rearing of 

the Laboratory of Entomology at Wageningen University. They were reared on rye 

(Secale cereale) and rye-grass (Lolium perenne). At the beginning of the experiment five 

day-old first instars were starved for 12 hours. The initial mass of these instars was 

85.8 ± 2.3 mg (mean ± SE, based on 78 randomly selected five day-old instars). 10 

replicates of each plant species received 3 instars. The locusts were prevented from 

escaping by spherical nets (Ø 25 cm, height 1.5 m) that were placed over the plants.  

The insects were allowed to feed for 3 consecutive weeks. Once a week, surviving 

locusts were checked and their fresh mass was determined on a Mettler-Toledo MT5 

Microbalance. For locusts that did not survive the full 3 weeks, we used their final 

measured mass instead in order to maintain replicates which would otherwise be 

lost if the locusts that did not survive the first week were excluded. In case none of 

the locusts in a cage survived the first week, the initial mass was extrapolated from 

the mass of the surviving locusts of the other replicates. If there were no surviving 

locusts on all replicates for a plant species the initial mass was used.  

Aphids. As a phloem-feeding herbivore, we selected Myzus persicae 

(Homoptera; Aphididae), the green peach aphid. We obtained nymphs from a 

culture from Wageningen University. They had been reared on white radish 

(Raphanus sativus). We started with 8 maternal lines that were mixed before the start 

of the experiment to ensure sufficient genetic diversity before transferring them to 

the experimental plants. From the rearing only apterous adults with similar size 

were selected. All replicates from each plant species received 5 individuals. After 3 

weeks of feeding all aphids were collected and stored in 70% ethanol. Aphid 

population size was recorded and the body size (length x width) (mm) of each 

individual aphid was determined using the software WinSeedle Pro (Version 2006a, 

Regent Instruments Inc. 1992-2006).  

 

Plant species, seeds and soil 

We used the National Standard List of the Dutch flora TAMIS2005 to select 6 exotic 

plant species (Angelica archangelica, Artemisia biennis, Bidens frondosa, Centaurea stoebe, 

Senecio inaequidens and Solidago gigantea), which have become established in the 

Netherlands in the last half of the 20th century and are potentially invasive. We 

paired these exotic plants with 9 native congeneric species using two native 
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congeners for 3 genera (Angelica sylvestris, Artemisia vulgaris, Bidens cernua/Bidens 

tripartita, Centaurea cyanus/Centaurea jaceae, Senecio viscosus/Senecio vulgaris, Solidago 

virgaurea). The Angelica species pair belonged to the family Apiaceae, whereas all 

other plants were Asteraceae. Seeds from all species were collected from the 

Geldersche Poort region in eastern Netherlands in the stream area of the Rhine 

(51°87’ N, 6°01’ E), where all species co-occur. Plants were grown in sterilized soil 

(25 kGray gamma radiation), mixed with one fifth non-sterilized inoculum soil (5-15 

cm depth) collected from the Gelderse Poort region (51°87’ N, 6°01’ E).  Seeds were 

germinated on sterile glass beads with demineralized water. Early summer or late 

summer species were given specific germination regimes; 20°C:14 hrs day / 10°C:10 

hrs night and 25°C:16 hrs day/ 15°C:8 hrs night respectively. There were ten replicate 

1.3 L pots for each plant species in which four seedlings of the same species were 

planted and placed  in the greenhouse with an additional light source (225 μmol-1 m-2  

PAR) and 21±2 / 16±2 day/night temperature with 60% RH to create favorable 

growth conditions. Dead individuals within the first 2 weeks were replaced with 

new seedlings. Plants received deminerialized water every second day and an 

additional nutrient solution once a week of 25 ml 0.5 Hoagland (Hoagland 1950). 

After seven weeks of growth plants were harvested and roots were removed from 

the soil. Plants were then grown again in own and control soil in 1.3 L pots. To 

obtain own and control soil, the soil of the ten replicate pots per species was first 

mixed and then split into two equal parts. One part was used as ‘own’ soil, and three 

seedlings from the same species were planted into this soil. To obtain ‘control’ soil, 

soil mixtures were made in which soil was homogenized from all replicates of the 

native and exotic plant species,excluding one particular genus. All species of the 

genus that was not included in the particular mixture were then grown in this soil. 

Three seedlings were planted into each pot. Growth and light conditions were as 

described above, with the exception that 10 ml 0.5 strength Hoagland was added. 

After 7 weeks each pot was caged and locusts and aphids were introduced into each 

cage.  

At the end of the experiment, all aboveground plant biomass was dried and 

ground. Total phenolic content of shoot material of each species was analyzed 

following a modified Folin-Denis protocol standardized to gram plant (Waterman & 

Mole, 1994). Nitrogen content was also determined by catalytic oxidation and gas 

chromatography (Nieuwenhuize et al., 1994).  

 

Statistical analyses 

Locust and aphid performance were analyzed separately. Data were analyzed in a 

factorial nested ANOVA with as factors species nested in origin (native or exotic), 

soil (own or control) and their interactions. The same model was used when we 

analysed differences between native, intra-continental and inter-continental exotic 

plants, but then origin had 3 levels. Differences in locust fresh mass (averaged per 

replicate), shoot nitrogen and shoot phenolic content were analysed using ANOVA 

with a similar model as described above. Locust survival was analysed with a 
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general linear model with log link and binomial error distribution from which χ2 

values were calculated. Locust fresh mass was square-root transformed and nitrogen 

and phenolic data both needed a log transformation to meet assumptions for 

ANOVA. Aphid population size was also tested with ANOVA but needed a double 

cubic root transformation to meet the assumption of homogeneity of variance. 

Separate factorial ANOVA’s were also carried out for each native/exotic species 

combination within each genus with origin and soil as factors. The genus Solidago 

was excluded from the within genus comparisons, because there were no surviving 

aphids in the genus Solidago. Differences in aphid body size were tested with a 

mixed model with fixed factors similar to the model described above and cage as 

random factor using residual analysis (REML). This analysis produces Wald-type F–

statistics and has the ability to use different sources of variation. For tests of 

ANOVA, assumptions were checked using a Levene test and normality of residuals 

were visually inspected. Relationships between herbivore performance, phenolic 

and nitrogen concentrations were tested with a Pearson correlation test. Analyses 

were performed using R version 7.2.1 (R Development Core Team 2008) and the 

mixed model procedure in Genstat 11.1 (VSN International Ltd. 2008).  

 

Results 

 

Locust performance 

The biomass of the Schistocerca gregaria individuals was on average larger on native 

than on exotic plants (F1,106 = 167.601, P < 0.0001) and larger on plants growing in 

control soil than on own soil (F1,106 = 14.611, P < 0.001). There was a marginally 

significant interaction between soil treatment and plant origin (F1,106 = 3.698, P = 

0.057), because the difference in mass between own and control soil was larger for 

the native plants than for the exotic plants (data not shown). Locust mass was not 

different between inter-continental and intra-continental exotic plants (Posthoc 

Tukey; P = 0.1244). Within plant genera locust mass was larger on native than on 

exotic plants in the genera Artemisia, Bidens, and Senecio (Fig. 3.1). Locust mass was 

higher on plants in control soil than in own soil in the genera Artemisia and Centaurea 

(F1,16 = 7.805, P = 0.013 and F1,16 = 11.346, P = 0.004, respectively. See also Fig.  3.1). 

There was one significant origin x soil interaction in the genus Centaurea (F1,16 = 8.144, 

P = 0.012).  

The proportion of surviving S. gregaria after three weeks was on average 

higher on native than on exotic plants (χ2 = 8.658, df = 1, P = 0.004; Fig. 3.1). The 

proportion of survival was not different between soil types (χ2 = 1.075, df = 1, P = 

0.301; Fig. 3.1). Therefore, survival was less sensitive to plant-soil feedback than 

biomass. As expected, survival of S. gregaria on intra-continental and inter-

continental did not differ (χ2 = 0.169, df = 1, P = 0.681. In two genera, the proportion 

of survival was lower on exotic than on native plants (χ2 = 46.305, df = 1, P < 0.0001 

for Artemisia and χ2 = 7.884, df = 1, P = 0.005 for B. frondosa vs. B. cernua). However, 

survival was not different between B. frondosa and the native B. tripartita (χ2 = 1.741, 
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df = 1, P = 0.187). On native C. jacea, survival was significantly lower than on the 

exotic C. stoebe (χ2 = 13.959, df = 1, P < 0.001),whereas survival was not different 

between the exotic C. stoebe and the native C. cyanus (χ2 = 0.582, df = 1, P = 0.455). 

Survival was not different between the two Angelica species, the two Solidago species, 

or between the exotic and native Senecio species. In none of these comparisons soil 

type interacted with plant origin.  
 

Aphid performance 

The average population size of Myzus persicae was not different between exotic and 

native plants (F1,106 = 1.655,  P = 0.201) and was not affected by the soil community 

(F1,106 = 0.949, P = 0.273; Fig. 3.2). When inter -and intra-continental exotics and native 

plants were compared as separate entities, aphid population sizes were significantly 

different (F1,106 = 23.126, P < 0.0001). Population size was highest on intra-continental 

plants and lowest on inter-continental plants.  Within genera, population size was 

higher on the native than on the exotic Senecio, but lower on the native plants in the 

genera Angelica, Artemisia and one of the natives in the genus Bidens (P < 0.05; Fig. 

3.2).  

 The body size of M. persicae was not different between exotic and native 

plants (F1,28.3 = 1.30,  P = 0.264). Body sizes were significantly larger on control than on 

own soil (F1,37.7 = 8.69,  P = 0.005), but there was no interaction with plant origin (F1,38.4 

= 0.82,  P = 0.369).  There was also no difference in body size between intra-

continental and inter-continental plants (F1,31.4 = 3.03,  P = 0.063). There was no 

relationship between aphid population growth and locust weight, suggesting that 

the phloem feeders and the leaf feeders were affected differentially by the plant 

species characteristics (R2 = 0.009, P = 0.601). 

 

Origin and soil effects on nitrogen and phenolics 

There was no significant origin effect, but phenolic content was higher in plants on 

control soil than on own soil (F1,88 = 5.927, P = 0.017), and there was a significant 

interaction between soil and origin (F1,88 = 28.981, P < 0.0001), because exotics both 

had lower phenolic concentrations in own soil than in control soil. There was 

variation between genera and between native-exotic comparisons within genera (see 

Table 3.1). For nitrogen concentrations in the shoot we found an interaction between 

plant origin and the soil treatment (F1,92 = 4.930, P = 0.029). Nitrogen concentrations 

were higher in native plants on own soil than on control soil, but there were no such 

differences in exotic plants. For the genera Angelica, Solidago and Bidens, nitrogen 

was lower in the exotic than in the native species independent of soil, but the exotic 

S. inaequidens had higher nitrogen than S. vulgaris and lower than S. viscosus (Table 

3.1). In the genera Artemisia and Senecio nitrogen was overall higher on control than 

on own soil.  
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Figure 3.1.  Performance of the the locust Schistocerca gregaria on exotic and native plants in 6 genera. (a) 
Fresh mass of S. gregaria (mg) on exotic plants (black bars) and native plants (grey and white bars) 
grown on foreign and own soil. Data shown are the means (± SE). (b) Proportion of survival of S. gregaria 
on foreign soil (left panel) and own soil (right panel) on exotic plants (black dots, solid lines) and native 
plants (white squares and grey triangles, broken lines). Data shown is the survival over a period of three 
weeks (x-axis) for the genera Angelica, Artemisia, Solidago, Bidens, Centaurea and Senecio. In the genera 
with 2 native plants Bidens cernua, Centaurea cyanus and Senecio viscosus are shown in white and Bidens 
tripartita, Centaurea jacea and Senecio vulgaris are shown in grey. 
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Figure 3.2.  Performance of the aphid Myzus persicae on exotic and native plants in 5 genera. Population 
size (a) and body size (length x width in mm) (b) after three weeks on exotic plants (black bars) and 
native plants (grey and white bars) grown on foreign and own soil. The genus Solidago is not shown, 
because aphid survival was zero. In the genera with 2 native plants Bidens cernua, Centaurea cyanus and 
Senecio viscosus are shown in white and Bidens tripartita, Centaurea jacea and Senecio vulgaris are shown 
in grey. Means (± SE) are presented.  
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Irrespective of soil and origin there was no significant relationship between 

locust mass and the concentration of phenolics in the plant shoots. Similarly, the 

relationship between aphid performance and phenolics was not significant. There 

was also no significant relationship between nitrogen concentrations and either of 

the herbivores. However, there was a significant positive relationship between 

nitrogen and locust mass when only native plants were considered (R2 = 0.2451, P = 

0.0367). 

 

Discussion 

 

In this study we explored the influence of plant-soil feedback effects of exotic and 

native plant species on the performance of two polyphagous herbivores, a locust and 

an aphid. Locust mass was not only larger on native than exotic plants, but also 

larger on plants in control soil than in own soil. Locust survival was higher on native 

than on exotic plants, but there were no differences in locust survival when own and 

control soil was compared. Moreover, there was no difference in locust mass or 

survival between intra- and inter-continental range expanders. Aphid responses 

were somewhat different from those of the locusts. Aphid population size was 

highest on intra-continental exotic plants. Furthermore, aphid body size was larger 

on plants growing in control compared to own soil, but it there was no significant 

difference between exotic and native plants or between range expanders.  

 Our results show that some aboveground herbivores generally perform better 

on native plants than on exotic plants, possibly because exotic plants are less suitable 

than native plants. This result was mainly true for the locust, which had reduced 

body mass and reduced survival on exotic plants. With respect to the aphid species, 

population sizes were higher on the intra-continental exotic, but lower on the inter-

continental exotic, than on native plants. However, body sizes were not different 

between the exotic and native plants. This supports findings of other studies where 

insect herbivores performed better on native than on exotic plant species (Cipollini et 

al., 2008; Keeler & Chew, 2008; Harvey et al., 2010).  

Our results also reveal that the performance of both herbivores was better on 

plants growing in control soil than in own soil. The fact that plants on control soil 

provide a better food source than on own soil may have different explanations: (i) 

plants having negative effects from their own soil, e.g. by accumulation of soil 

pathogens, may be induced to produce more, or other defense compounds (Joosten 

et al., 2009). Such defenses induced by soil biota may reduce aboveground plant 

suitability, thereby affecting aboveground herbivore performance; (ii) plant attack by 

below ground pathogens might result in reallocation of resources, which could 

reduce resource availability to the above ground herbivores; (iii) stressed plants may 

become more susceptible to herbivores, because increased nitrogen in leaf tissue, as 

our results showed for native plants, and stressed plants are less likely to synthesize 

defensive compounds (Rhoades, 1979; Mattson & Haack, 1987).   
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 Phenolic concentrations in the shoots were lowest in exotic plants, although 

this was manifested only when grown in their own soil, in spite the minor effects 

that own soil has on the performance of the exotic plants (Engelkes et al. 2008). In 

general, exotic plants typically have neutral to positive soil feedbacks (Klironomos, 

2002; Callaway et al., 2004; Reinhart & Callaway, 2004). Our results show that under 

these conditions soil biota still can have an indirect effect on aboveground plant 

defensive compound levels, although locusts on the exotic plants were not affected 

by these differences in defensive compounds. Interestingly,  induced levels of 

phenolic defenses in exotic plants seemed to have a negative effect on aboveground 

herbivory (Engelkes et al., 2008). However, these levels were based on the difference 

between plants with and without aboveground herbivores, while in our study all 

plants received herbivory and the difference in defensive quantities is directly 

related to soil type. In addition, we showed that there was no significant relationship 

between phenolic shoot content and locust or aphid performance. This further 

suggests that differences in the performance of locusts on exotic and native plants 

may be driven by other factors, or that other allelochemicals maybe involved, 

because soil organisms can influence quantity and quality of defenses of 

aboveground plant tissues affecting aboveground interactions (Bezemer et al., 2005; 

Bezemer & van Dam, 2005; Joosten et al., 2009). Further research is needed to 

determine how plant-soil feedback influences these defense levels and what the 

consequences are for plant-insect interactions in the field.  

 The soil pre-treatment did not affect locust survival, but it affected locust 

mass. Soil effects may have been masked by the mortality of locusts earlier in the 

experiment. The biomass may be a more sensitive measure to detect plant-soil 

feedback effects. Similarly, aphid population size was not different between control 

and own soil, but plants on control soil may still have been a better food source since 

aphid body sizes were larger on control than on own soil. In the field, such soil 

biota-mediated aphid body sizes may influence top-down control by aphid 

parasitoids, which respond to body size (Bezemer et al., 2005). Although we have 

only used two aboveground herbivore species, our results confirm the conclusion 

that aboveground-belowground interactions are species-specific (Wurst & van der 

Putten, 2007).   

 Studies comparing the performance of native insects on native and exotic 

plants have produced mixed results (Keeler & Chew, 2008; Harvey et al., 2010) and in 

those studies different types of chewing herbivores were used. Some herbivores are 

able to sequester defensive compounds and to use them for their own benefit, 

whereas others excrete plant toxins in their excrements (Schoonhoven et al., 1998). 

Leaf chewing insects posses specific enzymes to break down plant defensive 

compounds like glucosides, but S. gregaria can only compensate for the negative 

effects over a short period of time (Mainguet et al., 2000). Alternatively, in natural 

conditions the locust avoids long exposure to detrimental compounds by feeding on 

a mixed diet of plants (Bernays & Minkenberg, 1997). For Myzus persicae it is known 

that this species is not affected by glucosinolates, because it can sequester these 
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intact compounds (Weber et al., 1986) and this species can also successfully develop 

on Lupinus angustifolius despite high alkaloid levels in this plant species (Cardoza et 

al., 2006). This indicates that this phloem feeding insect is either able to better cope 

with defensive compounds or is able to avoid their most negative effects, for 

example by sealing damaged cell walls directly after penetration of the leaf surface 

(Walling, 2008).  

 The performance of the two herbivores was not different between inter-

continental and intra-continental exotic plants and not differently affected by their 

soil communities. This shows that climate warming induced range expanders 

influence aboveground herbivores similarly negative as intercontinental invaders 

and that the effects of their plant-soil feedback is also comparable. Thus, our results 

suggest that invasive exotic plants not only differ from related native plants in their 

feed-back effects with the soil communities and in their effects on (at least some) 

aboveground herbivores, but also in the effect that soil feedback has, through the 

plant, on (some) aboveground herbivores. If and how these effects of plant-soil 

feedback on aboveground plant-herbivore interactions influence their invasiveness 

through altering aboveground plant-herbivore interactions requires further studies.  

 Thus far, most published studies assume generally negative effects of exotic 

plants on aboveground herbivores, because they are thought to have qualitatively 

and quantitatively different levels of allelochemicals than native plants (Callaway & 

Ridenour, 2004; Leger & Forister, 2005). However, other studies show that 

herbivores can feed well on exotic plants (Parker & Hay, 2005). In our study, we 

show that these apparently contrasting findings depend strongly on plant species-

specific differences, or on differences between plant genera. For example,  M. persicae 

performed better on the exotic A. biennis but perished on the native A. vulgaris. This 

emphasizes two points: that some exotic plants might be under control by generalist 

herbivores in the invaded range, but also that general conclusions require multiple 

species comparisons.  

 In this study we have shown that the performance of two polyphagous 

aboveground herbivores can be influenced by plant specific soil communities. In 

particular, herbivore performance was low on exotic plants on both soils. If and how 

this relates to other mechanisms contributing to the success of exotic plants should 

be addressed in future studies.  
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Abstract 

 

Invasive exotic plant species generally have fewer herbivorous insects than related 

native plant species. However, little is known on how herbivorous insects on exotic 

plants are exposed to carnivorous insects, and even less is known on how insect 

exposure of invasive exotic plants compares with plants that expand their range 

within continents, for example due to climate warming. Here, we examine the 

herbivore load and predator pressure on an exotic plant that has crossed continental 

barriers and one that has expanded its distribution range pole-wards within Eurasia. 

We compare insect loads on both exotic plant species with two related natives from 

riparian habitats in north-western Europe. The insects were classified to carnivores 

and four guilds of herbivores (leaf miners, sap suckers, leaf chewers and gallers), 

counted and weighed. We tested the hypothesis that herbivore and predator loads 

are smaller on both the exotic plant species than on the native congeners. Indeed, 

total herbivore loads were smaller on exotic plants than on native plants, but the 

differences depended on the period in the growing season, as well a s on the feeding 

guild of the herbivore. The predator load on exotic plants was not larger than on 

natives; however, both exotic plants had greater predator pressure on the herbivores 

than the natives. Our results, therefore, suggest that the exotic plants may have 

better bottom-up, as well as top-down control of herbivores. Moreover, we show 

that exposure to invertebrate herbivores of an intra -continental range expanding 

plant does not necessarily differ from an exotic weed originating from another 

continent. Our results imply that intra-continental range expansion of plants, for 

example due to climate warming, proceed faster than of aboveground insects, or that 

the insects may shift range as well, but the original feeding relationships may not 

become re-assembled in the new range.  

 

Keywords: climate warming, community structure, guild, herbivory, plant invasion, 

predation, prey, range expansion, Rorippa austriaca, Senecio inaequidens 
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Introduction 

 

One of the most important hypotheses explaining the success of invasive exotic plant 

species in their new range is their release from former enemies, such as herbivores 

and pathogens, with which they had a long co-evolutionary history (Elton, 1958; 

Keane & Crawley, 2002). Release from the enemies of the native range coupled with 

reduced enemy pressure from the local herbivore community in the new range has 

been studied for a range of invasive plant species (Wolfe, 2002; Agrawal et al., 2005; 

Vila et al., 2005). These studies included oligophagous and polyphagous herbivores 

such as seed predators, folivores and phloem feeders (Jobin et al., 1996; Fenner & 

Lee, 2001). But also entire insect communities on exotic plants in their new ranges 

have been studied (Memmott et al., 2000; Degomez & Wagner, 2001; Imura, 2003; Liu 

& Stiling, 2006; Zuefle et al., 2008; Wu et al., 2009). However, almost all these studies 

have considered exotic plant species originating from other continents.  

The distribution and abundance of many species is affected by a range of 

natural and anthropogenic-induced processes. A prominent example is the response 

of species to the recent climate warming (Warren et al., 2001; Bale et al., 2002; Thomas 

et al., 2004; Ward & Masters, 2007). However, plants may also shift their range within 

the same continent, for example due to recent climate warming (Walther et al. 2002, 

Tamis et al. 2005; Parmesan & Yohe, 2003; Kelly & Goulden, 2008). Little is known 

about communities of insects associated with exotic plants that have shifted their 

range within the same continent. If the ability of exotic plant species to become 

ecologically disruptive pests in their new range involves release from co-evolved 

natural enemies, such as pathogens and herbivores which limit the abundance of the 

plant in its native range, such range shifts could enable some species to become 

disproportionately more abundant than native species in their new ranges (van 

Grunsven et al., 2007; Engelkes et al., 2008). Here, we compare the aboveground 

insect community of two exotic plants with related natives. One of the exotic plant 

species originates from another continent, whereas the other exotic plant is an intra-

continental range expander.  

It has been long acknowledged that climate exerts a dominant control over 

the distribution of plant species (Woodward & Williams, 1987). Exotic plants that 

have been introduced from other continents into new but suitable environmental 

conditions are predicted to expand their ranges until they meet their climatic 

constraints. Plants in their original geographic range have presumably already 

reached their geographical climatic limits, unless these limits are changing. In that 

case, plants may shift range and can be considered exotic in the expanded range. The 

main difference is that the inter-continental exotic plants have a greater chance of 

being released from their natural enemies than intra-continental exotic plants, 

because range expansion is not exclusively limited to plants alone.   

The structure and composition of insect communities is known to vary in 

different biogeographical realms and in north-south gradients (Rohde, 1992; 

Pennings & Silliman, 2005). Estimates of dispersal rates predict that aboveground 
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insects should be able to keep track of their host plants (Berg et al., 2009). However, 

consumers from different trophic levels like herbivores, carnivores and parasitoids, 

and of different plants may expand their range at variable rates when responding to 

climate change (Davis et al., 1998; van der Putten et al., 2004), as has also been shown 

for insect responses to habitat fragmentation (Kruess & Tscharntke 1995). Therefore, 

in their new range, exotic plants of both inter- and intra-continental origin may 

interact with novel assemblages of herbivores and carnivores, whereas native species 

encounter familiar herbivores and predators with which they may have a long co-

evolutionary history. Reduced herbivore loads (herbivore biomass per plant 

biomass) and enhanced pressure from natural enemies (predator biomass per 

herbivore biomass) would relax the plant’s exposure to top-down control, thus 

enhancing the ability of exotic invaders to become dominant (Keane & Crawley, 

2002; MacKay & Kotanen, 2008). However, herbivore loads have not yet been 

compared exotic plants of inter-continental and intra-continental origin, also 

including related natives. 

In a seminal paper, Price and colleagues (1980) argued that a better 

understanding of the factors that shape plant life-histories and productivity requires 

the incorporation of natural enemies of herbivores. The importance of higher trophic 

interactions for plant performance has been shown for a variety of natural plant 

systems in the field (Schmitz et al., 2000), as well as in the biological control of insect 

pests of a range of different crops (Julien & Griffiths, 1996). However, thus far 

studies on invasive plants have focused almost exclusively on plant-herbivore 

interactions, whereas the impact of predators and parasitoids of the herbivores has 

been virtually ignored. Since predators of the herbivores are also present, top-down 

control is to be expected on herbivores on invasive plants as well. Although reduced 

susceptibility to novel herbivores may explain the invasive success of exotic plants in 

their new range to some extent, differences in top-down pressure from predators 

could further reduce, or alternatively enhance herbivory on the exotic plants.  

In an earlier greenhouse study, exotic plants from both intra- and inter-

continental origin suffered less shoot damage from polyphagous herbivores than 

their native congeners (Engelkes et al., 2008), probably because the exotic plants 

contained higher levels of secondary plant compounds than the related native 

species. Extrapolating from this greenhouse experiment, we hypothesize that in the 

field, exotic plant species will have a smaller herbivore load than related native 

species. Density-dependent predator prey models (Hassell, 1976) suggest that there 

will be higher predator pressure on plants harboring larger herbivore loads. 

Therefore, we assume that fewer herbivorous insects on the exotic plants will lead to 

a reduced predator load and predator pressure on exot ic plants when compared to 

related natives.  

We tested two hypotheses. The first is that exotic plants have fewer 

herbivores than native plants, but that the difference will be greater for an inter-

continental exotic plant than for an intra-continental range expander. The second 

hypothesis is that the exotic plants have a smaller predator load and pressure than 
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related native plant species. In order to test these two hypotheses, we compared 

insect communities on two pairs of phylogenetically related native and exotic plants 

that co-occurred in the same riverine habitat. This approach enabled us, to some 

extent, to control for plant chemistry, thereby excluding differences in insect loads 

due to variation in secondary plant compounds among plant genera (Jermy, 1984). 

One of the exotic plant species, Senecio inaequidens, originates from South Africa and 

the other, Rorippa austriaca, from central and south-eastern Europe. In the past few 

decades, both exotic species have become increasingly abundant in the Netherlands 

(Tamis et al., 2005). Since both exotic species are novel to the herbivorous insects in 

their new range, we expected patterns of herbivore loads, as well as predator loads 

on herbivore loads, on R. austriaca and S. inaequidens to be smaller compared to S. 

sylvestris and S. jacobaea.  We separated the total insect assemblage into feeding 

guilds and collected samples during the growing season to account for seasonal 

variability in herbivore loads. We also quantified predatory insects in order to assess 

their potential effects on the phytophagous community.  

 

Methods 

 

Site description 

All selected plant species co-occur in the same local riverine habitat in east-central 

Netherlands. We studied each species pair at three locations: two locations in the 

Millingerwaard (51°52’ N, 6°00’ E) and one location at Ewijkse Plaat (51°52’ N, 5°45’ 

E). The three locations were all situated along the same river (Waal), varying from 

sandy soil close to the river to sandy loam further away from the river. At each 

location and sampling date, we studied the insect communities on adjacent pairs of 

native and exotic plants. 

 

Species pairs 

We used the National Standard List of the Dutch Flora (Tamis et al., 2005) to select 2 

exotic and 2 related native plant species. One exotic species originates from the same 

continent as where its range has expanded, whereas the other exotic species was first 

introduced in Europe before range expansion.  

Rorippa austriaca (Crantz) Besser (Brassicaceae) is a short-lived perennial 

species originating from south-eastern Europe and predominantly occurs along 

riversides and in other moist habitats such as wetlands. This species has expanded 

its range northwards and westwards within the Eurasian continent (Tutin et al., 

1993). Although it has the potential to reproduce sexually, it has the ability of 

vegetative propagation of the lateral roots (Dietz et al., 2005). Root fragments are 

easily being transported via river systems. The species occurs in dense patches with 

stems up to 1 m tall. After its first discovery in the Netherlands around the 1920’s it 

steadily colonized nutrient rich river banks but strongly increased in abundance the 

last decades. Rorippa sylvestris (L.) Besser (Brassicaceae) was chosen as the native 

related species, as it is native to the Netherlands and occurs on wet to moist, often 
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disturbed agricultural land and flood plains. The stem of R. sylvestris is 30 to 40 cm 

tall. Also R. sylvestris has the ability to regenerate vegetatively by root fragments and 

rhizomes. 

Senecio inaequidens (DC.) (Asteraceae) is a perennial herbaceous species that 

originates from South Africa. It was accidentally introduced into southern and 

central Europe by human transport of wool (Werner et al., 1991) and increased 

dramatically in abundance, particularly during the second half of the 20th century 

(Ernst, 1997). S. inaequidens colonizes sandy and gravelly banks to ruderal dry areas. 

It can grow in a variety of climatic conditions ranging from Mediterranean, coping 

with summer temperatures up to +35 °C, to north-western Europe while tolerating 

winter temperatures as low as -15 °C. The plant can reach a height of approximately 

1 meter and the woody remains of the stems stay until the next growing season. 

Senecio jacobaea (L.) (Asteraceae) (syn. Jacobaea vulgaris) was chosen as the native 

relative. It is native in the Netherlands, has a biennial life history and occurs on open 

dry, sandy soils, where it can be locally abundant. It may reach approximately 1 to 

1.5 m in height.  

 

Insect collection and determination 

Each population of plant species was visited 3 times during the growing season of 

2007: in May, June, and late July/early August. Within each population 10 randomly 

chosen plants were sampled with a minimal distance of 5 m in between each 

individual. At the first visit the plants were mainly in a vegetative state with 

developing flower buds. During the second and third visits all plants were 

flowering. All insect and plant samples were collected pair-wise, so that variation in 

daily conditions averaged out between the two plant species within each genus. For 

each plant during a period of 10 minutes, all insects that were on the plant were 

collected using an aspirator, a small net or a pair of forceps. All insects were stored 

in 70% ethanol until further examination. After these 10 min, plant height was 

measured, the plant was clipped 2 cm above the soil surface and stored in a sealed 

paper bag. In the laboratory the harvested plants were examined for a second time 

and the remaining insects were also collected. Subsequently, all plants were oven-

dried at 70 ºC for 72 h. We sampled 90 plants per species for the Senecio pair. For the 

Rorippa pair a total of 82 plants per species were sampled due to a smaller number of 

plants available in one of the populations.  

All collected insects were classified to order and then divided into feeding 

guilds (Table 4.1). The group of transients includes all collected arthropods that are 

not herbivorous or predaceous; most of the transients feed mainly on fungi, dead 

plant material or nectar. Parasitoid wasps (Hymenoptera: Braconidae, 

Ichneumonidae) and parasitoid and predatory flies (Diptera: Tachinidae, Asilidae) 

were included in the trophic guild of predators. After identification, total dry mass 

of each guild was determined (oven-dried, 50°C, 48 h) using a microbalance (Mettler 

MT5). To obtain an indication of the herbivore to plant load on each plant, we 

determined the chewer, miner, sucker, and galler load, expressed as herbivore guild 
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biomass per g aboveground plant biomass. The total herbivore load was the sum of 

all herbivore guild loads. Predator pressure was determined as the predator b iomass 

per g herbivore biomass. This is a measure of potential pressure on the herbivore 

community, although predators may also attack each other, because aboveground 

food webs can include five or more trophic levels (Harrington et al., 1999; Harvey et 

al., 2009). The predator load (predator biomass per g aboveground plant biomass) 

was also determined. Species in the order Collembola, which feed on detritus and 

occur in the leaf litter, were excluded from all analyses.  

 

Plant nutrient analysis 

Nitrogen levels and carbon/nitrogen ratios of aboveground plant material were 

determined for a subset of the sampled plants. For each species we randomly 

selected 3 individual plants from each of the 3 populations for each period in the 

growing season, resulting in 27 samples per species. For each plant the entire shoot 

dry mass was ground and a subsample was used to analyze C and N levels using 

gas chromatography with retention times 106 and 214 s respectively.  
 
Table 4.1. Classes of feeding guilds and associated orders (families) used in the study. Insects were 
identified to order or family level to allow guild determination. The guild ‘Transient’ includes non -herbivorous 
arthropods. 
 

Guild    Order (Family) 

Chewer    Hymenoptera larvae, Lepidoptera, Orthoptera 
Coleoptera (Oedemeridae, Carabidae, Scarabaeidae, 
Cerambycidae, Chrysomelidae, Curculionidae)  

    
Sap sucker Hemiptera, Thysanoptera 
 

Miner    Diptera larvae (Agromyzidae) 
 
Galler    Diptera larvae (Cecidomyiidae) 

 
Transient  Acarina, Dermaptera, Diptera, Ephemeroptera, Hymenoptera, 

Isopoda, Mecoptera, Psocoptera, Trichoptera  

 
Predator Araneae, Coleoptera (Cantharidae, Coccinellidae, Syrphidae larvae), 

Neuroptera, Hymenoptera (Braconidae, Ichneumonidae), Diptera 
(Tachinidae, Asilidae) 

 

 

Data analysis 

The two plant pairs were analyzed separately. For each individual plant, the 

Shannon diversity and Shannon evenness indices (Shannon & Weaver, 1949) were 

calculated based on the total numbers of individuals in the different orders. 

Herbivore and predator diversity were analyzed separately. Homogeneity of 

variance and normality was checked for all data sets, and values were transformed 

when appropriate. Inspection of the residuals indicated that predator diversity 
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violated the assumptions of normality even after transformation; therefore, predator 

diversity was analyzed using a Wilcoxon rank test. Plant biomass and nitrogen 

levels for both groups were ln-transformed and total herbivore load, predator 

pressure and predator load on Senecio were ln(x+1)-transformed to improve 

normality. For the predator load on Rorippa and the C/N ratios for both plant pairs a 

quadratic ln(x+1)-transformation was needed to meet assumptions for ANOVA.  

Analyses on all plant pair comparisons were performed using linear mixed 

models with origin (exotic or native) and period (3 periods of sampling) as fixed 

effects and populations as random effect. Due to the small number of miners on only 

a few plants, the miner load for the Rorippa species was analyzed using a Wilcoxon 

rank test. In the mixed models the significances of the fixed effects were calculated 

by model simplification and comparing the deviances (Crawley, 2007). Comparison 

of total herbivore loads, predator loads and predator pressure between each of the 

plant origins was done by Posthoc Tukey tests after one-way ANOVA with origin as 

fixed factor. Total herbivore load, predator load and predator pressure were ln(x+1) 

transformed to meet assumptions for ANOVA. Analyses were performed using R 

version 7.2.1 (R Development Core Team 2008). The package lme4 (Venables & 

Ripley, 2002) was implemented for lmer.  

 

Results 

 

Plant biomass and total herbivore load 

The two exotic species, on average, had significantly more shoot biomass than their 

native congeners (Fig. 4.1). R. austriaca had more shoot biomass than R. sylvestris 

throughout the season (Origin: χ2 = 66.13; df = 1, P < 0.0001), whereas S. inaequidens 

had more shoot biomass than S. jacobaea in the early and mid summer period only, 

resulting in a significant interaction between origin and period (χ2 = 17.25, df = 2, P < 

0.001). For both species pairs, the total herbivore loads were significantly larger on 

the native than on the exotic species resulting in a significant origin effect (Rorippa: χ2 

= 15.10, df = 1, P < 0.001; Senecio: χ2 = 52.08, df = 1, P < 0.001; Fig. 4.2).  

 

The herbivore load on S. inaequidens was larger during early summer than during 

mid and late summer (origin x period interaction: χ2 = 11.95, df = 2, P = 0.002; Fig. 

4.2b). When total herbivore mass was used as a dependent variable there was no 

difference between the two Rorippa species and the interpretation of the result 

remained unchanged in the Senecio species pair (Supporting Information: Fig. S4.1). 

The total herbivore load on each native species was larger than on each of the exotic 

species (Posthoc Tukey after one-way Anova, P < 0.01). However, the total herbivore 

load did not differ between the exotic species (Posthoc Tukey P = 0.95), showing that 

the intra-continental range expander had a herbivore load as little as the exotic plant 

originating from South Africa.  

 

 



Herbivory and predation on exotic plants 

 

 67 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 4.1.  Intra-seasonality of plant dry biomass per species origin. Shown is the natural logarithm of plant 
dry biomass (g) in early, mid and late summer for Rorippa austriaca and Rorippa sylvestris (a) and 
Senecio inaequidens and Senecio jacobaea (b). Exotic species are represented by solid dots and lines and 
native species by open dots and dashed lines. Means (± SE) are presented.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Intra-seasonality of total herbivore load per species origin. Shown is the total herbivore load as 
the natural logarithm of (μg herbivore biomass / g plant biomass) on (a) the Rorippa and (b) Senecio 
species in early, mid and late summer. Exotic species are represented by solid dots and lines and native 
species by open dots and dashed lines. Means (± SE) are presented. 
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Herbivore guild load 

On Rorippa, galler load was 5 times greater on the native species than on the exotic 

species (χ2 = 75.16, df = 1, P < 0.0001; Fig. 4.3a).  There was also a significant 

interaction between period and origin for galler load due to the relatively high load 

on native plants in mid-summer (χ2 = 8.50, df = 2, P = 0.014). The sapsucker load on 

average was significantly larger on the native species (χ2 = 4.41, df = 1, P = 0.035; Fig. 

4.3a). The chewer and leaf miner loads on Rorippa did not significantly differ 

between the native and exotic species. When total herbivore biomass was analyzed 

instead of herbivore load (herbivore biomass per unit plant biomass), the 

significance of the effect for sapsuckers was the only one to disappear (Supporting 

Information: Fig. S4.2a). 

The chewer and sapsucker loads on Senecio species differed between periods 

and origin resulting in significant period x origin interactions (Chewer: χ2 = 8.61, df = 

2, P = 0.013; Sapsucker: χ2 = 6.60, df = 2, P = 0.037). On average, the chewer (χ2 = 15.58, 

df = 1, P < 0.0001) and sapsucker (χ2 = 35.72, df = 1, P < 0.0001) loads were 

significantly larger on the native species than on the exotic species (Fig. 4.3a). Leaf 

miner load on the native and exotic Senecio species did not differ throughout the 

growth season (Wilcoxon test for each period; P > 0.05). The use of total guild 

biomass instead of guild load in the same analyses did not change the outcome of 

the main effects and their interactions (see Supporting Information: Fig. S4.2b). 

 

Transient load 

Transient load did not differ between the two Rorippa species. In early summer, the 

native S. jacobaea had a larger load of transient insects than its exotic congener (Fig. 

4.3b). During the mid and late summer the transient load did not differ anymore 

between the two Senecio species, resulting in a significant interaction between period 

and origin (χ2 = 8.48, df = 2, P = 0.014). Total transient biomass was greater on the 

exotic R. austriaca than on the native R. sylvestris (Fig. S4.2a). 

 

Predator load and predator pressure 

The predator load on R. austriaca did not differ from that on R. sylvestris (χ2 = 0.15, df 

= 1, P = 0.69; Fig. 4.4a). The predator load on the native S. jacobaea was overall larger 

than on S. inaequidens (χ2 = 9.76, df = 1, P = 0.002; Fig. 4.4b). If we used predator 

biomass as the dependent variable in the analysis, there was a significant origin x 

period interaction for the Rorippa species (χ2 = 6.86, df = 2, P = 0.032), whilst the 

origin effect remained significantly greater on the native Senecio species (Supporting 

Information: Fig. S4.3). Interestingly, the predator pressure was significantly greater 

on the exotic Rorippa than on the native species (Fig. 4.5a; χ2 = 7.49, df = 1, P = 0.006). 

Also S. inaequidens had on average a greater predator pressure than its native 

congener S. jacobaea,(Fig 4.5b; χ2 = 6.94, df = 1, P = 0.008). The predator loads and 

predator pressure were neither different between the two exotic species, nor 

between the two native species (Posthoc Tukey after one-way Anova P > 0.05). 
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Figure 4.3. Intra-seasonality of insect guild load on the exotic and native plants. Panels show dif ferences of 
insect specific guild load as the natural logarithm of (μg guild biomass / g plant biomass) between (a) the 
exotic (solid dots and solid line) and the native plants (open dots and dashed lines) during early, mid and 
late summer. Means (± SE) are presented.  
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Figure 4.4. Intra-seasonality of predator load (upper panel) and predator pressure (lower panel) on (a) 
Rorippa and (b) Senecio species in early mid and late summer. Means (± SE) are presented. The exotic 
and native species are represented by solid and open/dashed dots and lines respectively. 
 

 

 

Herbivore and predator diversity 

Herbivore taxonomic richness on R. austriaca was greater than on R. sylvestris in 

early summer, but smaller in late summer (origin x period interaction: χ2 = 12.03, df = 

2, P = 0.002). Evenness (χ2 = 0.13, df = 1, P = 0.71) and predator richness did not differ 

between the two Rorippa species (W = 3565.5, P = 0.60). Herbivore richness on S. 

inaequidens was significantly greater than on S. jacobaea in early summer, whereas it 

was smaller in later summer (origin x period interaction: χ2 = 19.38, df = 2, P < 

0.0001). The herbivore evenness on S. jacobaea increased during the growth season. 

However, on average, herbivore evenness on the native S. jacobaea was lower than 

for the exotic S. inaequidens (χ2 = 10.82, df = 1, P = 0.004). Richness of predators was 

significantly lower on the exotic S. inaequidens in mid summer (W = 301.5, P = 0.008); 

on other sampling dates there was no difference between the native species and the 

exotic species. Predator evenness was higher on S. inaequidens than on S. jacobaea in 

mid summer only (W = 307.5, P = 0.011). 
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Plant nutritional quality 

The carbon/nitrogen ratio was on average higher in R. austriaca (25.1 ± 1.59) than in 

R. sylvestris (20.3 ± 1.26) (χ2 = 8.40, df = 1, P = 0.004) and nitrogen content was lower 

in the exotic plant (R. austriaca: 1.77 ± 0.08; R. sylvestris: 2.12 ± 0.05) (χ2 = 4.86, df = 1, P  

= 0.027). The carbon/nitrogen ratio between S.  inaequidens (29.41 ± 3.96) and S. 

jacobaea (27.49 ± 4.56), as well as nitrogen levels  in the two plants (S.  inaequidens: 

1.63 ± 0.23; S. jacobaea: 1.72 ± 0.28) did not significantly differ (C/N ratio: χ2 = 1.93, df 

= 1, P = 0.16; N content: χ2 = 1.70, df = 1, P = 0.19). 

 

Discussion  

 

In support of the enemy release hypothesis and also of our first hypothesis, we 

found smaller total herbivore loads on the exotics Senecio inaequidens and Rorippa 

austriaca than on their native congeners Senecio jacobaea and Rorippa sylvestris, 

respectively. This result is in accordance with other field observations of insect 

abundance on successful inter-continental invasive exotic plants (Memmott et al., 

2000; Wolfe et al., 2004). Our results on Senecio support this finding, whereas the 

results on Rorippa show that such patterns can also apply to species that have 

expanded their range within Europe. However, that result contradicts the second 

part of our first hypothesis, assuming that an intra-continental range expander may 

have an intermediary herbivore load when compared with the inter-continental 

exotic and a related native. Escape from herbivore damage may contribute to an 

increase in the local abundance of an exotic weed (MacKay & Kotanen, 2008). This, 

in turn, can contribute to rapid range expansion when abundance enhances 

propagule availability and when propagule availability is related positively to 

dispersal (Jongejans et al., 2007). Therefore, our results suggest that intra-continental 

exotics would have similar escape from herbivory as inter-continental exotics. 

We interpreted herbivore load as a proxy for enemy pressure on the plants, 

whereas predator pressure was considered as a proxy for potential top down control 

on the herbivores. Thus far, most studies assessing herbivore pressure on inter-

continental invasive exotic plants have used insect counts expressed as ‘herbivore 

load’ (Jobin et al., 1996; Cripps et al., 2006). Using herbivore biomass may provide a 

closer estimate of herbivore activity, as plants can be attacked by both micro-and 

macro insect herbivores that would clearly inflict different levels of damage to plant 

tissues (Southwood & Henderson, 2000). Other studies have used plant damage as a 

measure of herbivore effectiveness (Liu & Stiling, 2006). This approach results in a 

net effect, which does not provide information about the potential role of predators 

in controlling levels of herbivory on native and exotic plants. Ultimately, a 

combination of these methods needs to be applied in order to provide quantitative 

effects of plant- and herbivore consumers on their resources. 

Studies on invasive exotic plants typically examine whether generalist or 

specialist agents are likely to control exotic plants, rather than which feeding 

strategies may provide the strongest control. For most herbivore feeding guilds, 
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loads were consistently largest on the natives throughout the growing season. On R. 

austriaca and S. inaequidens, half the herbivore guilds had significantly less biomass 

per gram dry plant tissue than on the native congeners. In the case of Rorippa, the 

sapsucker and galler loads were smallest on the exotic species, whereas in the case of 

Senecio the chewer and sapsucker loads were smallest on the exotic species. A 

reduction in specific enemy guilds attacking vital plant parts could partly benefit the 

competitive ability of the invasive plant because the natives receive stronger control 

from their own suite of co-evolved enemies (Agrawal et al., 2005). On the other hand, 

preference for exotic plants by native herbivores have also been shown (Parker & 

Hay, 2005). For example, the gall midge Dasineura sisymbrii (Shrank), which forms 

galls in the flower heads of R. sylvestris, is associated with many Rorippa species 

including R. austriaca (Nijveldt, 1969). Although exotic plants are likely faster 

exploited by chewing and sucking insects than by leaf-miners and gallers (Strong et 

al., 1984), a longer temporal exposure of the exotic plant to this insect community 

may lead to increased use by the flower galler and control of R. austriaca. The miner 

loads did not differ between the exotic and native species. However, it is possible 

that these leaf miners still play a significant role, e.g. via interactions with insects of 

other guilds. Other studies have also shown that low abundant species can still be 

key players in the functioning of ecosystem (Lyons et al., 2005) 

The smaller total herbivore - and guild loads on the exotic plants could have 

resulted from lower plant quality in early, mid, or late summer for some insects. 

Differences in resource usage exert variable pressures on the plant (Simberloff & 

Dayan, 1991). We observed in different periods of the growth season that chewer, 

sapsucker and miner loads on the exotic Senecio species were greater or smaller than, 

or not different from the native Senecio species. Plant quality also changes over the 

course of a season, and this can account for variation in herbivore and predator 

performance (Feeny, 1976; Awmack & Leather, 2002). The lower nitrogen content in 

the exotic R. austriaca may account for the smaller sapsucker – and galler loads 

observed on this species. Although the Senecio species did not differ in nutrient 

levels, higher levels of secondary plant compounds in S. inaequidens compared to S. 

jacobaea may be responsible for lower plant quality resulting in smaller herbivore 

loads (Caño et al., 2009). Phenological differences in plant quality and the life-cycles 

of insects occupying various guilds may also account for variable herbivore loads 

over the course of a growing season. The herbivore load could have been larger on 

native plants which were smaller than exotic plants, however, total herbivore 

biomass was not higher on the exotic species (Fig. S4.1). 

In contrast with our second hypothesis, predator pressure was higher on the 

exotic than on the native species. This is counterintuitive to density dependent 

predator-prey dynamics as proposed by Nicholson-Bailey models (Hassell, 1976), 

which state that predator abundance will increase if prey abundance increases. On 

the other hand, we observed that predator loads were not different between the  

Rorippa species and smaller on S. inaequidens than on S. jacobaea, while total herbivore 

loads were larger on the native plants. In support of our results, a study on 
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invertebrate assemblages in Fallopia-invaded habitats found that spider abundance 

did not differ between invaded and uninvaded habitats although herbivore 

abundance was two times lower in invaded plots (Gerber et al., 2008). In contrast, 

greater herbivore biomass was associated with greater predator biomass on invasive 

Cytisus scoparius, but this pattern did not differ between native and exotic continents 

(Memmott et al., 2000). Recently, Heleno et al. (2009) used a food web approach to 

investigate effects of exotic plants on insects and observed that herbivore biomass 

did decrease, but top predators were absent in heavily invaded plots. However, only 

parasitoids were considered as top predators and intermediate predators were 

excluded, whereas these may become important and increase when top predation is 

relaxed.  

The relative contribution of top-down or bottom-up control of the herbivore 

community and its consequences for plant productivity are both acknowledged to be 

important (Walker & Jones, 2001; Gripenberg & Roslin, 2007). From a plant’s point of 

view, the evolutionary novelty of exotic plants in their new environment makes their 

susceptibility to novel herbivores hard to predict. When the herbivores do not 

recognize the plant as a suitable host, or when they are not tolerant to the plant’s 

potential novel defense compounds, the plant may be released from enemies. 

However, when the enemies of the herbivores do not recognize the cues emitted 

upon herbivory, top-down control may become less efficient and the exotic plants 

may then be more vulnerable to herbivory (Verhoeven et al., 2009). Hence, the 

incorporation of higher trophic level organisms in studies on enemy pressure on 

exotic plants can enhance our insight into the bottom-up and top-down controls that 

are operating in nature.  

Transient insects which do not damage the plant directly may still influence 

effects of herbivory in an indirect way. For example, transients can make up part of 

the predatory diet, which could influence predator pressure through apparent 

competition (Holt, 1977). In our study, the transient load did not differ between the 

two Rorippa species, suggesting that the effects of transient insects on predator 

pressure experienced by herbivorous insects, does not differ between the native and 

exotic plant species. On the native S. jacobaea transient biomass was lower than on 

the exotic S. inaequidens in early and mid summer, suggesting that for these species 

transients could cause enhanced predator pressure on herbivores on the range 

expanding species.  

We observed higher herbivore richness on both exotic plant species in early 

season but lower than their native congeners in late season. High herbivore richness 

in the native plant community could lead to biotic resistance (Elton, 1958) and may 

hinder the ability of exotic plants to proliferate (Frenzel & Brandl, 2003). For 

example, there is an increased chance that the herbivore community includes species 

that can recognize, or deal with the defensive chemicals of the exotic plants. Earlier 

growth and therefore higher abundance of exotics may attract arthropods that later 

in the season preferably feed on qualitative better natives. A high richness of 

herbivores may support a high richness of predators controlling the ecological 
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impact of this higher herbivore diversity. In our study, the higher herbivore richness 

on both native species coincided with no difference (on Rorippa species), and a lower 

(on S. jacobaea) predator richness, suggesting reduced control of herbivory on native 

plants or increased control of herbivory on exotic plants. Also, in a study on the 

range expanding butterfly Aricia agestis, the larvae experienced reduced enemy 

impact in the new range despite similar parasitoid richness in the native and exotic 

range (Menendez et al., 2008).  

In conclusion, we show that exotic plant species from inter- and intra-

continental origin both have smaller herbivore loads than their closely related native 

plants. For the exotic plant that is expanding its range but originates from the same 

continent, the herbivore community might move along with the plants. We speculate 

that two factors may be at play. First, insects may not track their food plants when 

expanding their range, if the local conditions in the native range are optimal. Second, 

the same insect species associated with the exotic plant in its native range may also 

occur in the new range, but these insects may be locally adapted to other related 

plants species and do not recognize (at least in the short term) the new invader. The 

higher predator pressure on the herbivore community of the exotic range expanders 

might contribute to herbivore control, however, experimental predator removal in 

the native and expanded range is needed in order to further study if the predator 

pressure is driving, or following herbivore loads on these plants. Whether or not 

such reduced herbivore loads may promote invasiveness of intra-continental range 

expanders requires experimental herbivore exclusion studies. Nevertheless, our 

results suggest that if regional climatic warming continues at the current rate, plants 

from lower latitude regions with effective dispersal strategies may become dominant 

in plant communities from higher latitude regions. Rapid climate change represents 

an enormous challenge for ecosystems across much of the biosphere and we can 

expect ecological communities to become re-assembled as new antagonistic and 

mutualistic interactions are formed between plants and consumers, involving 

(temporary) risks of species outbreaks.   
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Supporting Information 

 

Analyses of total herbivore biomass and guild biomass on the exotic plants Rorippa 

austriaca and Senecio inaequidens and their native congeners Rorippa sylvestris and 

Senecio jacobaea 

 

Here we present the results of analyses on the total herbivore biomass and the 

herbivore biomass according to feeding guilds, all per plant, to provide insight in the 

difference between the analysis approaches of biomass alone and biomass corrected 

for plant size. While some guild specific results differed from the approach taken in 

the main article, the main conclusion, based on these results, did not change.  

Analyses were done separately for the two species pairs. Total herbivore 

biomass for Rorippa was ln(x+1)-transformed to improve normality. For the separate 

guilds predator biomass for Rorippa, and chewer, predator and transient biomass for 

Senecio we used ln(x+1)2-transformed data to meet assumptions. All analyses on total 

herbivore biomass and herbivore guild biomass were performed using linear mixed 

models with origin (exotic or native) and period (3 periods of sampling) as fixed 

effects and populations as random effect. The leaf miner biomass for the Rorippa and 

Senecio species was analyzed by Wilcoxon rank test. The analyses were performed 

using R version 7.2.1 (R Development Core Team 2008) with the package lme4 

(Venables & Ripley 2002) implemented for lmer.  

 

Results 

 

Total herbivore biomass 

Total herbivore biomass per plant did not differ between the Rorippa species (χ2 = 

0.47, df = 1, P = 0.49; Fig. S4.1a). In the case of Senecio, the native species had 

significantly more herbivore biomass in early and late summer (χ2 = 12.82, df = 2, P = 

0.002; Fig. S4.1b). 

 

Herbivore guild biomass 

The galler biomass was significantly higher greater on the native R. sylvestris (χ2 = 

76.04, df = 1, P  < 0.0001) and varied over time (χ2 = 10.38, df = 2, P = 0.006; Fig. S4.2a). 

The biomass for chewers, sapsuckers and leaf miners were not different between 

origins. The biomass of the chewers on S. inaequidens was less than on S. jacobaea in 

mid and late summer (χ2 = 14.61, df = 2, P = 0.0006; Fig. S4.2b). On average the 

sapsucker biomass was higher on S. jacobaea (χ2 = 20.37, df = 1, P < 0.0001). Miner 

biomass was not different between the Senecio species. 
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Figure S4.1. Total herbivore biomass on (a) the Rorippa and (b) Senecio species in early, mid and late 
summer. Exotic species are represented by solid dots and lines and native species by open dots and 
dashed lines. Means (± SE) are presented.  
 

 

 

Transient biomass 

Transient biomass was on the exotic R. austriaca than on R. sylvestris. (χ2 = 4.24, df = 1, 

P = 0.039; Fig. S4.2a), but did not differ between S. inaequidens and S. Jacobaea.  

 

Predator guild biomass 

R austriaca had a lower predator biomass than R. sylvestris (χ2 = 6.86, df = 2, P = 0.032; 

Fig. S4.3a), however, only in early summer. The predator biomass on the native S. 

jacobaea was overall higher than on exotic S. inaequidens (χ2 = 4.03, df = 1, P = 0.045; 

Fig. S4.3b). 
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Figure S4.2. Insect guild biomass of (a) the exotic R. austriaca (solid dots and lines) and the native R. 
sylvestris (open dots and dashed lines) and (b) the exotic S. inaequidens (solid dots) and the native S. 
jacobaea during early, mid and late summer. Means (± SE) are presented .  
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Figure S4.3. Predator biomass on (a) the exotic R. austriaca and the native R. sylvestris and (b) the exotic 
S. inaequidens and the native S. jacobaea in early, mid and late summer. The exotic and native species are 
represented by solid and open/dashed dots and l ines respectively and the means (± SE) are presented. 
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Abstract 

 

Plant species that are introduced to new ranges due to such anthropogenic processes 

as climate change and habitat loss may become dominant community members that 

pose a threat to local biodiversity. The ability of exotic species to become dominant 

in their new habitats has frequently been explained by the enemy release hypothesis. 

By contrast, here we show that, using a community-level approach, herbivory does 

not exclusively promote exotic dominance, and that community composition is 

reshuffled, whereas evenness does not change. Under natural field conditions we 

established mixed communities of exotic and native plant species in which we 

allowed half of the communities to be exposed to aboveground herbivory while the 

other half was excluded. Herbivory reduced almost half the species biomass, but we 

found that this did not lead to dominance by the exotics. Species varied considerably 

in their response to herbivory through changes in community ranking, but on 

average native and exotic species substituted biomass production equally. We 

suggest that there is more that one key mechanism, for instance enemy release that 

explains the dominance of exotic plants in invaded communities.  

 

Keywords: Aboveground herbivory, climate change, community evenness, enemy 

release, range expanding. 
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Introduction 

 

Exotic plants pose a major threat to biodiversity and the functioning of ecosystems 

worldwide, because some exotic plants may become very dominant, displacing local 

species and changing the cycling of elements (Lodge, 1993; Mack et al., 2000). The 

enemy-release hypothesis proposes that introduced exotic plants may become 

invasive because they are no longer controlled by their specialized, co-evolved 

natural enemies (Keane & Crawley, 2002). Support for enemy release has emerged 

from a large number of studies. However, there are relatively few experimental tests 

of enemy release using invaded communities in the field (Stohlgren et al., 1999; 

Hejda & Pysek, 2006; Emery, 2007; Emery & Gross, 2007; Hejda et al., 2009). In 

invaded communities, enemy release will promote invasiveness only when the 

exotic plants are also able to outcompete native species (Colautti et al., 2004; 

Blumenthal et al., 2009). Here, we test the hypothesis that invaded plant communities 

will be dominated more by exotic plants when the plant communities are exposed to 

aboveground herbivory than when the aboveground herbivores have been excluded.  

The validity of the enemy release hypothesis has been tested by different 

approaches such as database analyses (Mitchell & Power, 2003; Cappuccino & 

Arnason, 2006; van Kleunen et al., 2010), food web analyses (Memmott et al., 2000), 

herbivore numbers in controlled community conditions (Agrawal & Kotanen, 2003), 

single exotic-native species comparisons (Leger & Forister, 2005; Keeler & Chew, 

2008), and reciprocal transplantations (Wolfe, 2002; Genton et al., 2005; Vila et al., 

2005). Both within and between these approaches, results differ and they are not 

always unequivocal (Mitchell & Power, 2003; Agrawal et al., 2005; Parker & Hay, 

2005; Parker et al., 2006; van Kleunen et al., 2010). These varying results between 

some studies may be due to the use of different exotic plant species. Not all exotic 

plants will experience the same degree of enemy release and even if they do, the 

interaction strengths amongst species interacting with the exotic plant could be 

different. Also, test conditions may be different which will affect the outcome of 

plant-environment and plant-plant interactions. Comparing multiple exotic and 

native species in a community context makes it possible to detect how enemy release 

of exotic plants may contribute to changes in plant community composition under 

natural conditions.  

Some exotic species in our study are from inter-continental origin whereas 

others originated from lower latitude regions of the same continent. Inter-continental 

plants have been intentionally or unintentionally introduced by humans after which 

time they started spreading naturally in their new range. Intra-continental exotics 

have naturally expanded their range polewards, most likely due to changed 

environmental conditions, such as habitat change and recent climate warming 

(Walther et al., 2002; Parmesan & Yohe, 2003; Tamis et al., 2005; Kelly & Goulden, 

2008). Intra-continental range expansion may lead to enemy release, although it is 

possible that their natural enemies co-disperse. However, as species may move 

beyond their existing range boundaries at different speeds (Berg et al., 2010; van 
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Grunsven et al., 2010), or host-enemy interactions may not necessarily re-establish in 

the new range (Menendez et al., 2008), release from natural enemies is well possible. 

Moreover, both inter -and intra-continental range expanding plant species can be 

better defended against novel enemies than related natives (Engelkes et al., 2008), 

which may give them an advantage over native plants as well.  

In order to test our hypothesis, we created experimental field plots with plant 

communities consisting of native and exotic species. The plant communities 

consisted of 6 exotic species that have increased strongly in abundance during the 

last decades and 6 phylogenetically related native species. This phylogenetically 

controlled comparison may create a condition where differences in dominance more 

likely will be the consequence of enemy release, rather than of differences in the 

ecology or biology of the species involved (Agrawal et al., 2005; Strauss et al., 2006; 

Funk & Vitousek, 2007). In half of the communities we excluded aboveground 

vertebrate and invertebrate herbivores, while the other half was exposed to 

herbivory. Based on our previous finding that intra-continental range expanding 

exotic plants had similar invasive properties as inter-continental range expanders 

(Engelkes et al., 2008), we expected no differences between these groups of exotics.  

 

Methods 

 

Study design 

The field site was situated in a riverine habitat in the nature reserve De Afferdense 

en Deestse Waarden, The Netherlands (51°89’ N, 5°64’ E). We removed the 

vegetation by soil tillage and created 10 plots of 3x3 m at 5 m distances from each 

other. In each plot, we established plant communities with a similar composition (6 

exotic and 6 congeneric native plant species). Of each plant species we established 3 

individuals, resulting in a total of 36 plants. In every plot, the positions of the plant 

individuals were randomized for each plot over a 6x6 grid pattern 30 cm apart from 

each other. Other plants were kept out by covering the soil with root cloth and hand 

weeding of the planting holes.  

Each of these ten plant communities was enclosed by a 3 x 3 x 2 m (l x w x h) 

tent of fine nylon mesh (0.6 mm2) in order to keep out insects and vertebrate 

herbivores. The mesh removed maximally about 30-48 % of the ambient light.  In 

order to allow access of herbivores, of five tents, the east side away from the most 

frequent wind direction was opened, which changed the microclimate as little as 

possible. The closed tents were considered as control treatment and the open tents as 

herbivory treatment. We had two rows of five tents each. Both within and between 

rows, open and closed tents were alternated. Therefore, between rows, of two 

adjacent tents one was always open and one was closed. Distances between 

neighboring tents were equal both within and between rows. In order to control for 

spatial correlation between close and distant tents, tent was nested in treatment to 

test the effect of herbivory while accounting for differences between t ents. The plant 

communities in the open tents were exposed to vertebrate herbivory by rabbits at the 
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start and continuous insect herbivory throughout the entire course of the 

experiment. The regular checks of the closed tents confirmed that the plant 

communities in them were not exposed to aboveground herbivory.  

 

Plant species selection and seedling growth 

The National Standard List of the Dutch flora was used to select the plant species 

that made up our experimental communities. Selection criteria were that (1) all 

exotic and native plant species co-occurred in riverine areas along the rivers Rhine-

Waal, (2) that the exotic plants increased in frequency in the second half of the 20 th 

century and (3) that each exotic plant had a closely related native (with in the same 

genus, except one species of which we took a relative at the family level with a 

comparable ecology) (Table 5.1).  

 Seeds were collected from the region where the field site was situated or, in 

an exceptional case, purchased through a specialized seed supplier who collected the 

seeds locally. Before germination, all seeds were surface sterilized by a 1 % 

hypochlorite solution. Seeds were planted in trays with homogenized sterilized soil 

(γ-radiation 25 kGray ) that was collected from the same region. The trays with 

seedlings were placed in a growth chamber at 15-25 °C, 10-14 hrs night-day regime 

for early summer species and a 15-25 °C, 8-16 hrs night-day regime for late summer 

species. Seedlings were 6 weeks old when planted in the field and seedlings that had 

died due to factors other than herbivory were replanted until the 4 th week of the 

experiment. The experiment ran from June 1 st until September 30th. 

 

Plant biomass and cover  

Plant cover was determined at the end of the experiment as the total cover of 

individual plant biomass projected as surface area. Since the seedlings were planted 

30 cm from each other, a cover of 1 would indicate that the plant biomass covers an 

area of 30 x 30 cm2. The cover per plant species was an average the cover of the 3 

individuals of that species in the community. As plants may overlap, their total 

cover can be > 1. After 4 months all shoots were clipped to 1 cm above the soil 

surface. The shoots were dried at 70°C for 72 h before determining dry weight.  

 

Analyses 

The Shannon-Wiener diversity and evenness were based on aboveground plant 

biomass. The diversity index was calculated as H = -Σpi·ln pi (pi is the proportional 

contribution of the ith species to the total aboveground biomass). The evenness 

equals 1 if all species contribute the same proportion of biomass. The lower the 

evenness the more the community biomass is dominated by a few plant species. 
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Table 5.1.  Plant species selected for the experiment. Exotic species are presented in bold and differ in 
continental origin (3rd column). All species co-occur in riverine habitats but differ in family and life history.  
The 4th and 5th column show the frequency of square kilometers (log-value) for 2 monitored periods in the 
last century.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

*recently the name of Senecio jacobaea has changed to Jacobaea vulgaris 
 

Data were analysed using R version 7.2.1 (R Development Core Team 2008). Plant 

biomass and biomass proportion were analysed using ANOVA with the factors 

origin (exotic, native), treatment (control, herbivory), their interaction, species nested 

in origin and the interaction of treatment x species nested in origin. The difference in 

proportional biomass between range expanding plants from inter-continental and 

intra-continental origin was analysed with an almost identical ANOVA model, 

except that the factor origin was substituted with the factor continent (inter-

continental vs intra-continental origin). In order to correct for effects of spatial 

correlation between communities we included block as a factor nested within 

treatment. Shannon Evenness of the plant biomass was calculated for the entire plant 

community using ANOVA with factor treatment (control, herbivory), as well as for 

exotic and native plants separately using ANOVA with the factor origin (exotic, 

native), treatment (control, herbivory) and the interaction between origin and 

treatment. Homogeneity of variance was checked with Levene’s test and normality 

of residuals with Shapiro-Wilk test. Biomass data and biomass proportions were 

square root-transformed, while for biomass proportion in the analysis with the factor 

continent a quadratic transformation was needed, whereas the evenness indices 

were transformed by the exponential function ex to meet assumptions for ANOVA. 

Testing for similarity of ranking between treatments (control, herbivory) was done 

with a Kendall W for concordance test. The effect of herbivory on the community 

composition was tested using the proportional biomass for each species and each 

community in a Principal Component Analysis (PCA) and Redundancy Analysis 

Species Family Origin Life history    Log10(km
2
 frequency)

1975-1988 1988-2000

Artemisia biennis Asteraceae intracontinental biennial 2 5

Bidens frondosa Asteraceae intercontinental annual 8 8

Bunias orientalis Brassicaceae intracontinental perennial 3 4

Rorippa austriaca Brassicaceae intracontinental perennial 5 6

Senecio inaequidens Asteraceae intercontinental perennial 6 8

Tragopogon dubius Asteraceae intracontinental biennial/perennial 2 4

Artemisia vulgaris Asteraceae native perennial 9 9

Bidens tripartita Asteraceae native annual 9 9

Sinapis arvensis Brassicaceae native annual 8 9

Rorippa sylvestris Brassicaceae native perennial 8 9

Senecio jacobaea * Asteraceae native biennial/perennial 8 9

Tragopogon pratensis Asteraceae native biennial/perennial 8 8
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(RDA) (499 unrestricted permutations, CANOCO, V. 4.55, (Ter Braak & Šmilauer, 

1997-2006). 

 

Results 

 

Communities exposed to herbivory had on average significantly less aboveground 

biomass than the control communities without herbivory (F1,88 = 40.155, P < 0.001; 

data not shown). Aboveground biomass was on average not different between 

native plant species and exotic plant species (F1,88 = 0.057, P = 0.812) and in 

communities exposed to herbivory, exotic plants did not have more aboveground 

biomass than native plants (Fig. 5.1). Herbivory severely reduced biomass of all 

species, except for the species Bunias orientalis and Senecio jacobaea (F10,88 = 11.706, P < 

0.001; but see Fig. S5.1 for all individual plant species data per community). 

Opposite to our hypothesis, there was no interaction between herbivory treatment x 

plant origin (F1,88 = 1.158, P = 0.285 Fig. 5.1) indicating that exotics are not favored by 

enemy release when grown in communities with native species.   

Herbivory changed the ranking in proportional biomass per plant species 

(Kendall’s W of concordance, W = 0.71, χ2 = 15.6, df = 11, P = 0.156; Fig. 5.2). Kendall’ 

W tests for similarity, so that with P > 0.05 the rankings differ significantly. 

However, exposure to herbivory did not make exotic plants on average 

proportionally more abundant than native plants (F1, = 0.929, P = 0.338; Fig. 5.2).  

There were clear species-specific effects of herbivory. Without herbivory the 

exotic and native Bidens produced 48% of the aboveground community biomass, 

whereas they contributed less than 10% to the aboveground biomass in the plant 

communities that were exposed to herbivory. The exotic Senecio inaequidens 

produced more than 20% of the aboveground biomass in communities with 

herbivory and became one of the most dominant species in the plant communities 

exposed to herbivory (Fig. 5.2).  

The biomass of the native Artemisia vulgaris and Senecio jacobaea, as well as the 

exotic Rorippa austriaca and Bunias orientalis had 10% more biomass in the 

communities exposed to herbivory than in communities where herbivory was 

excluded. Figure 5.2 shows that also in this group of subordinate plant species 

exotics were not more dominant than the natives (see also Fig. S5.1). Therefore, we 

have to reject our hypothesis that exotic species will dominate in communities with 

herbivory. 

Comparing the proportional biomass of inter-continental and intra-continental exotic 

plants resulted in a significant interaction of treatment x continent (F1,40 = 5.098, P = 

0.029) indicating that the proportional biomass of inter-continental exotics was more 

decreased due to herbivory than intra-continental exotics. But, the proportional 

biomass was not different between communities with and without herbivory for  

inter-continental exotics, nor for intra-continental exotics (TukeyHSD: inter-

continental, P = 0.249; intra-continental, P = 0.605) suggesting that relative 
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importance in the community of inter –and intra-continental plants was not 

changed. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 5.1.  Average aboveground biomass production of the plant community per origin. Data shown is 
aboveground biomass (g) averaged over 5 communities for exotic species and native species (n=12) in 
control treatments (open bars) and herbivory treatment (solid bars). Data shown are the means (± SE). 
Letters indicate significant differences according to posthoc Tukey HSD at p < 0.05.  
 

 

Herbivory did not change the evenness of the total plant community when 

compared to the control treatment (F1,8  = 0.038,  P  = 0.849; Fig. 5.3a). Moreover, when 

the evenness of native and exotic plant species was considered separately, they did 

not differ (F1,8  = 0.038,  P = 0.995) and there was no significant interaction between 

plant origin and herbivory (F1,8 = 2.549, P = 0.149; Fig. 5.3b). Thus, herbivory did not 

change the evenness of the aboveground biomass and this effect did not depend on 

whether plants were of exotic or of native origin. Instead, herbivory increased the 

variation in species proportional biomass indicating increased spatial heterogeneity 

between communities exposed to herbivory (PC-axis 2, 26.2%; Fig. S5.2). 

Redundancy analysis (RDA) showed that herbivory significantly shifted community 

composition in that the species that increased their proportional biomass were 

replaced by species that decreased in their proportional biomass (F = 7.131, P = 

0.014). There was a significantly positive correlation between proportional biomass 

and cover (r2 = 0.68, P < 0.001) suggesting that plants with large cover may overgrow 

and inhibit the growth of small individuals thereby increasing variation in 

proportional biomass.  
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Figure 5.2. Relative contribution of the individual plant species to the to tal aboveground plant community 
biomass ranked according to the size of the contribution (n = 5). Exotic plant species are indicated by solid 
bars and native plant species by open bars. Left panel are control communities without aboveground 
herbivory and the right panel are communities exposed to aboveground herbivory.  
 

 

Discussion  

 

We show that aboveground herbivory may promote the dominance of some 

invading exotic plant species, but that herbivory also counteracts potential 

dominance by other invaders. In a field study we created mixed communities of 

native and exotic plants and compared composition of communities exposed to 

aboveground vertebrate and insect herbivores with unexposed plant communities. 

Opposite to what we expected, plant communities exposed to aboveground 

herbivores did not become completely dominated by exotic plants. Instead, some 

well defended native plant species also benefited from exposure to herbivory. 

Exposure to herbivory resulted in a major shift in plant community composition, b ut 

it did not alter plant community evenness. Thus, plant communities exposed to 
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herbivory did not become more exclusively dominated by a few exotic plant species 

than unexposed plant communities. Moreover, herbivory also did not influence 

evenness of the native plants differently from that of the exotics.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 5.3. Shannon Evenness of the aboveground biomass (a) of the total community per treatment and; 
(b) for range expanding exotic species and native species separately, in the control (open bars) and 
herbivory (solid bars) treatment. Means (± SE) are presented. 
 

 

 Herbivory reduced aboveground plant biomass almost to half the biomass of 

communities without herbivory. However, in contrast to our expectation, there was 

no difference in biomass reduction between native and exotic species. This could be 

the result of non-selective grazing at the species level by vertebrate herbivores (Olff 

& Ritchie, 1998), but herbivores may also prefer exotic species over native species 

(Parker & Hay, 2005; Parker et al., 2006), so that not all exotic plants may benefit from 

being released from their native enemies. Exposure to aboveground herbivory 

changed the rank order of the different plant species according to their proportional 

contribution to total biomass. However, the aboveground biomass of plant 

communities exposed to herbivory was almost equally made up by exotic and native 

plant species. One possibility is that by using phylogenetically related plant species, 

related exotic and native species have overlapping defenses allowing local  
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herbivores to incorporate them into their diet (Cappuccino & Arnason, 2006; Strauss 

et al., 2006). On the other hand, exposure of a quite similar set of exotic and native 

plant species to polyphagous aboveground herbivores in a greenhouse showed that 

the exotic species were better defended against non-coevolved herbivores than the 

natives (Engelkes et al., 2008). That would make the possibility of overlapping 

defenses less likely.  

We expected inter-continental exotic plants to have a higher chance to have 

lost natural enemies than intra-continental range expanders, since for example 

herbivorous insects may also shift their ranges (Parmesan & Yohe, 2003). However, 

this expectation was not confirmed, because the proportional biomass of both inter –

and intra-continental exotic species did not differ between communities with and 

without herbivory, suggesting that climate induced range expanding plants may 

experience similar enemy release as classic invaders from other continents.  

 Evenness did not differ between communities with and without herbivory. 

Thus, the proportional biomass of individual plant species changed after herbivory, 

but the distribution of biomass over plant species in the community was not 

changed.  Similar observations were made in grazed and ungrazed sites in Rocky 

Mountain grasslands (Stohlgren et al., 1999). In that study, herbivory may have had a 

mediating effect on the biomass production of plants in the community, decreasing 

dominant herbaceous species but increasing competitively subordinate species 

performance (Olff & Ritchie, 1998; Carson & Root, 2000). Although exotic species 

were not considered in the latter studies, similar processes appear to have been 

going on in our study.  

Our data suggest that native species with particular traits (Emery & Gross, 

2007), for example being chemically well defended against native aboveground 

herbivores, may prevent exclusive domination of invaded plant communities by 

exotic species. This mechanism has been suggested by Levine et al. (Levine et al., 

2004). In our study, one such plant species is S. jacobaea, which is well defended by 

pyrrolizidine alkaloids against a range of herbivorous insects (Macel et al., 2005), 

may be better adapted to native herbivory than naïve exotic plants (Verhoeven et al., 

2009). Our data may also point at conflicts among range expanding species in that 

they are controlling each others spatial habitat occupancy, rather than facilitating 

each others the invasion (Simberloff & Von Holle, 1999). Indeed, although spatial 

heterogeneity increased with herbivory, both exotic and native species did not 

exclusively take advantage of the disturbance.  

 

In conclusion, we show that aboveground herbivory reduced the aboveground 

biomass of both native and exotic plant species equally well. Herbivory caused a 

shift in dominance among both exotic and native plant species, but the plant 

communities did not become dominated by exotics only. Exotic plants from inter-

continental origin did not become more dominant than intra-continental range 

expanders in communities with herbivory. Therefore, if herbivores from lower 

latitudes have expanded their range as well, they did not exert proportionally more 
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control on the plants from lower latitudes. Finally, the shifts in plant community 

composition did not change the plant community evenness and native plants were 

not less even than exotics. Our study emphasizes the need for examining invasive 

exotic plants at the community level, because enemy release is only one of the 

mechanisms involved, besides competition and other factors that structure plant 

community composition influencing the success of exotic plants. A community 

approach may help to further understand the implication of exotic plant invasions 

on the vegetation composition in the invaded range. Finally, our data suggests that, 

although climate warming may lead to range expansion of plant species with 

invasive properties (van Grunsven et al., 2007; Engelkes et al., 2008), not all of these 

range-expanding plant species will become dominant members of plant 

communities in the exotic range. 
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Figure S5.2.  PCA ordination of proportion of aboveground biomass in control treatments (open dots) and 
treatments with herbivory (closed dots) for range expanding plant species (bold, solid arrows), and native 
plant species (dashed arrows). PC-axis 1 and PC-axis 2 explain 56.7% and 26.2% of the variation in 
aboveground biomass production by range expanding and native plant species in the community. The 
directions of the arrows indicate the variation explained by the proportion of biomass of individual species 
between control and herbivory treatment. For example, the two Bidens species (Bid fro, Bid tri ) explain 
most variation in proportional biomass in control treatments (open dots) compared to the herbivory 
treatment (closed dots), but have low explanation for variation within the treatments. Numbers indicate the 
identity of the treatment replicates. Abbreviations next to the arrows are the first three letters of the plant 
genus and species name (for full names see Table 5.1).  
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Synthesis 

 

The general aim of my thesis was to elucidate if differences in aboveground plant-

insect interactions may explain why exotic plants are more successful than native 

plants in their new habitats. I hypothesized that exotic plants are more successful 

than related natives, because they suffer less from aboveground herbivorous insects. 

These results will be discussed in the first part of this synthesis (6.1). Exotic plants 

can be broken down arbitrarily into two categories based on their origin: inter-

continental exotics that have been introduced intentionally or unintentionally from 

overseas and intra-continental exotics that are expanding their range pole-wards in 

response to recent climate warming. In this thesis I examined whether there was a 

difference between inter-continental exotic plants and intra-continental range 

expanding plants. In the second part (6.2), I discuss the main findings in which I 

examine differences between these two types of exotic invaders. Finally, I discuss 

some ideas and directions for future research (6.3).  

 

6.1 Influence of plant-insect interactions on exotic and native plant 

performance 

 

Under some conditions, the amount of biomass produced by plants can be controlled 

by insect herbivores (Strong  et al., 1984; Crawley, 1989; Huntly, 1991). Exotic plants 

may affect control by herbivorous insects differently than related natives, because 

they possess different properties that make them less or more suitable for the 

herbivorous insects that they encounter in the new range (Levine et al., 2003; Wolfe & 

Klironomos, 2005; Cappuccino & Arnason, 2006). In this research, I consider both 

aspects. 

 

Exotic and native plant performance under herbivory 

In Chapter 2, I compared the performance of exotic and native plants under 

herbivory in the greenhouse.  The selected plant species all had been collected from 

the same natural habitat, a riverine area in Gelderland Province in the east of the 

Netherlands. By studying plant performance I measured biomass loss due to 

aboveground herbivory due to polyphagous leaf chewers and sap suckers, which are 

the two largest insect feeding guilds regarding species number and biomass (Strong  

et al., 1984). I used the locust Schistocerca gregaria as a leaf chewing herbivore and the 

aphid Myzus persicae as a sap feeding herbivore. The locust, S. gregaria, which 

originates in central Africa and has been fed in the lab mmainly on grasses, 

presumably did not have an evolutionary history with either of the plant species 

(hence it was a ‘double-blind test’ situation) included in the experiment and 

therefore allowed an objective measure of plant resistance to herbivory. M. persicae, 

on the other hand is a cosmopolitan polyphagous species that may have had some 

kind of history, however diffuse, with the various plant species used in the test, 

although this was impossible to ascertain. I tested the hypothesis that the 
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polyphagous herbivores would not show different responses to the plants, 

irrespective of any history (or not) with any of the plants under investigation. In 

contrast to our expectations, the locust performed more poorly on the exotic plants 

than on congeneric native plants. These results suggest that the exotic plant species 

possess superior defense traits in comparison with related native species.  

I also considered differences in plant performance between exotic and native 

plants in the field. We planted exotic and native plants in mixed communities in a 

similar area from which they had been collected, e.g. a riverine nature reserve in the 

east of the Netherlands. The communities were planted in cages; half of the cages 

were closed to protect the plant communities from herbivory whereas half of the 

cages were kept open at the lee side to allow herbivores to enter, while providing 

comparable light, wind and temperature conditions as in the closed cages. I 

hypothesized that exotic plants would be less attacked by herbivores than native 

plants, because they are not controlled by their specialized, co-evolved natural 

enemies (Keane & Crawley, 2002). Thus, even over a short time span, I expected the 

exotic plants to become dominant in the plant communities in the open tents at the 

expense of the native plants. After one growing season, under herbivory both exotic 

and native plants showed a large reduction in biomass. The hierarchy in plant 

biomass among plant species between the communities in the closed and open cages 

had also been reshuffled. However, in contrast to my hypothesis not all exotic plant 

species did become dominant in the plant communities in the presence of herbivory. 

Exotics and natives were quite well distributed in their rank order from most to 

lowest total biomass in the plant community. This was because some well defended 

native plant species, for example Senecio jacobaea did well in the plant communities 

exposed to herbivory showing that some native plants can be better defended 

against local herbivores than some exotic plants. This may also partly explain why 

many exotic plants never become invasive pests while only a small number actually 

do. At the same time, it shows that native plants, under the right conditions, can 

become ‘outbreaking’ species, effectively exhibiting the same characteristics as 

invasive exotic species.  

 

Herbivore performance on exotic and native plants 

In the greenhouse experiment (Chapter 2) the locust Schistocerca gregaria survived 

better and produced more biomass on native plants, while the aphids were 

unaffected by plant origin. This poor performance of the locusts on the exotic plants 

may be due to a number of factors, for example variations in nutrient content and 

defensive chemical compounds, plant architecture, or morphological defenses such 

as the presence of surface waxes, leaf toughness and trichomes (Speight et al., 1999). 

Levels of phenolic compounds increased in presence of herbivory  for the exotic 

plants, and were higher than in native plants with and without herbivory. The levels 

in exotic plants with herbivory were also higher than in native plants with and 

without herbivory. This result is in line with research showing that exotic plants may 

be less suitable for herbivores than natives, as a consequence of higher levels of 
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defensive secondary compounds (Leger & Forister, 2005; Wikström et al., 2006). The 

locust and the aphid responded differently to exotic and native plants. This could be 

the consequence of chewing insects eating whole parts of the leaf and thereby being 

exposed to all defenses present in the leaf tissues (Speight et al., 1999). Phloem 

feeders, on the other hand, only use particular plant parts using specific feeding 

strategies by which effective defenses can be avoided (Walling, 2008).   

In the field I examined herbivore and predator loads on exotic and related 

native plant species. I hypothesized that exotic plants would have smaller herbivore 

and predator loads, because they are released from their co-evolved natural enemies. 

In line with this assumption, we found smaller herbivore loads on the exotic plant 

species compared to native plants. We also examined potential predator pressure in 

the field, because top down control by insect predators and parasitoids can influence 

herbivore damage on plants (Price et al., 1980). It appeared that predator pressure 

was higher on exotic plants than on native plants (Chapter 4). This suggests a 

potentially stronger top-down control on herbivore loads on exotic plants. However, 

further research is needed, for example by experimental predator removal in the 

native and invaded range, in order to test to what extent predators are controlling 

the herbivores on the exotic plants, or whether the control is mainly due to bottom-

up (plant-mediated) effects.  

 

Plant-insect interactions contribute to explain success of exotic plants 

Enemy release is considered an important mechanism explaining the abundance and 

invasiveness of exotic plants in the new range (Keane & Crawley, 2002). In this thesis 

I have found evidence supporting some predictions of the enemy release hypothesis, 

but there were also results that are not in support of the enemy release hypothesis. 

The field observations described in Chapter 4 suggested that exotic plants have 

lower herbivore loads than related native plants. This may have been due to exotics 

resisting local insect herbivores through bottom-up effects, but the role of top-down 

control by carnivores could not be excluded due to the relatively high predator 

numbers also found on the exotic plants. Top-down control effects from members of 

the third trophic level have not been considered in the enemy release hypothesis and 

are generally overlooked in studies on invasive exotic plants (Harvey et al., 2010). 

Interestingly, in the field experiment described in Chapter 5, I did not find a 

difference in biomass between exotic and native plants under herbivory, while this 

would be predicted by the enemy release hypothesis. In this experiment vertebrate 

herbivores were present which are known to graze less selectively than insects (Olff 

& Ritchie, 1998). However, the results of Chapter 4, revealed that there were smaller 

herbivore loads on the exotic than native plants, supporting enemy release, while 

also here vertebrate herbivores were potentially present. This indicates that other 

factors can explain exotic success, for example indirect effects on plant competition. I 

am aware of the fact that the observational study of Chapter 4 was exclusively done 

in grazed field. Following, species that were used in the closed tents may have been 

present in the field, but absent because they were consumed completely by 
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herbivores. In order to directly compare the communities in the open tents with the 

field, plant biomass of the exotic and native plants should be measured and 

compared in both systems. It is also possible that specific conditions in the cages, 

such as competition for lower light levels or competition for belowground resources, 

could have affected total plant biomass production (Reader et al., 1994; Blumenthal, 

2006). However, the conditions in the cages with and without herbivore exposure 

were quite comparable, so I believe that these effects will not have had a profound 

effect on the overall conclusions. Therefore, my research shows that plants can be 

released from their natural enemies, but that this does not necessarily mean that they 

will become dominant in an invaded plant community.  

 

6.2 Plant-insect interactions between inter –and intra-continental exotic plants 

 

Most studies have focused on inter-continental plants, while it is unknown whether 

differences exist in plant-insect interactions between inter –and intra-continental 

range expanders. It could be that the release from enemies is less strong for intra-

continental range expanders, since co-evolved enemies might disperse along with 

the plants, tracking them to new habitats (Berg et al., 2010). In this thesis in all 

experiments I tested, whether the involved responses by plants to herbivory 

(biomass loss) or herbivore performance (suitability), were different between inter-

continental and intra-continental range expanding species. In the greenhouse 

experiment (Chapter 2) we expected no difference in herbivore performance on inter 

–and intra-continental exotic plants, because the herbivores were a naïve locust and 

a cosmopolitan aphid. Indeed, the performance was not different between the two 

range expanders, and on both range expanders lower than on their native congeners. 

Examining insect loads in the field (Chapter 4) revealed that both the intra-

continental and the inter-continental exotics had smaller herbivorous insect loads 

than their native congeners. As there was only one inter- and one intra-continental 

exotic plant involved in the field study, I cannot make generalizations with respect 

to comparisons of inter- and intra-continental exotics, but the pattern clearly points 

in the same direction. Including more plant species into the research was logistically 

not possible as it would have greatly increased the work load per sampling date. 

Instead, I preferred to include several sampling dates for a limited set of plant 

species. Insect herbivore abundance changes over the course of a growing season 

and there are population peaks for different species and/orfeeding guilds at different 

times in summer. Furthermore, early season herbivory can affect the performance 

and acceptance of later season herbivores by changing plant quality through what is 

known as ‘priming’ (Agrawal, 2000; Kessler & Baldwin, 2004). This can have 

consequences for the abundance of herbivores later in the season (Faeth, 1986; 

Poelman et al., 2008). Multiple sampling dates provide a good representation of 

herbivore pressure throughout the season, and generate information on seasonal 

differences in herbivore attack between exotic and native plants.  
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Also in the cage experiment (Chapter 5) the intra –and inter-continental plants 

did not perform differently under herbivory. However, in that experiment it was 

evident that it was not only the exotic plants that became dominant, but also well 

defended native plants that performed well under herbivory, as discussed above.  

 Overall, the intra-continental range expanding plants and the inter-

continental exotic plants both increased defense against herbivores, and showed 

some similar trends pointing at release from their co-evolved enemies. Of course 

these results have to be interpreted with caution, because there were many other 

factors that were not explored and in the end the sample, size was still 

comparatively small. However, there is some evidence that the mechanisms that 

might explain the success of classical, inter-continental invading plants might also 

apply to intra-continental exotics. This makes some species of intra-continental 

plants as potentially invasive as inter-continental exotic weeds in the medium term. 

It also suggests that the aboveground enemies of range-expanding intra-continental 

plant species may not (yet) have dispersed with the plant to The Netherlands, 

although this further studies are required along north-south gradients tracing back 

the intra-continental range expanders to their native range in order to determine if 

this argument is valid or not. 

The proportion of plant species in the Netherlands that originates from more 

southern regions in Europe has increased in recent decades (Tamis et al., 2005) 

suggesting that exotic range expanders may become more dominant in native 

vegetation assemblages. Climate warming is predicted to persist well into this 

century and perhaps longer (IPCC, 2007). It is stated that climate warming could 

even exacerbate plant invasions (Willis et al., 2010). Since warming-induced range 

expanding plant species can become invasive by the same mechanism a s has been 

shown for introduced exotic plants (this thesis), there may be concomitant effects on 

biodiversity, ecological communities and the functioning of ecosystems. How and to 

what extent this happens needs further research.  

Soil feedbacks, defined as the net effect on plants of pathogenic soil biota and 

symbiotic and mutualistic organisms, are mostly negative for plant growth 

(Kulmatiski et al., 2008). Inter-continental plants are expected to be released from 

pathogenic soil biota (a positive feedback) in particular, whereas soil pathogens of 

intra-continental range expanding plants might be dispersed more easily than of 

intercontinental exotic plants. However, the success of intra-continental range 

expanders in their new ranges shows that negative effects from the soil are reduced 

as well. In Chapter 3, I tested if the soil feedback of exotic range expanding plants 

was less negative than that of their phylogentically related natives. Plants were 

grown on control soil that had been preconditioned by all other plants in the 

experiment, and on their own soil, that had been preconditioned by conspecifics. A 

reduction of plant biomass on own soil is an indication that plants experienced 

negative effects from their soil community. The results from this study demonstrated 

that both exotic plants experienced neutral to positive soil feedbacks, while the 

native species experienced negative soil feedbacks. Above all, the soil feedbacks of 
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inter –and intra-continental exotics were not different, suggesting that release from 

negative soil feedback also promotes climate warming-induced invasions by intra-

continental range expanding plants.  

It has been well established that belowground processes can affect 

aboveground interactions (Gange & Brown, 1989; Masters et al., 1993; Bezemer et al., 

2003; Soler et al., 2005). However, there has rarely been a synthesis in above- and 

below ground systems in studies with invasive plants. Instead, the soil and above-

ground compartments have been studied independently  (Willis et al., 1999; Siemann 

& Rogers, 2001; Lankau et al., 2004).  In Chapter 3, I examined the influence of soil 

feedback on the performance of two aboveground polyphagous herbivores. My 

experiments revealed that aboveground herbivore performance was reduced on 

plants growing in their own soil community compared to control soil. The effect of 

soil-feedbacks on aboveground herbivores was stronger on native than on exotic 

plants. Although I cannot make any conclusions on the mechanism behind this 

finding, the results suggests that, besides neutral to positive soil feedbacks 

promoting exotic success, additional factors may enhance the invasibility of both 

inter –and intra-continental range expanders. 

 

6.3 Future directions 

 

In the majority of the experiments we used a broad selection of plant genera and 

even tested within genera effects against more native plants. In general, I found that 

exotics were more successful than natives, but some exceptions that were found 

within genera did not support my hypotheses or even showed effects in the opposite 

direction. Testing for general patterns demands a large species pool, because results 

that rely on small datasets might be biased by the identity of a certain specific 

species. Also, comparisons with phylogenetically related native and exotic plants, is 

recommended for future studies. In Chapter 2, there were opposing results in two 

genera where I used two congeneric native species in comparisons with the exotic 

species. The responses of aboveground herbivores were similar and they performed 

better on the two native Centaurea species than on the exotic species. However, in the 

genus Bidens, the response of the herbivores to the native species went in the 

opposite direction in that herbivore performance of one species was better and the 

other species worse when reared on the exotic species. If the main interest is to 

compare intra- or inter generic effects, then no conclusions can be drawn from these 

data and consistency should be checked with broader selections of native species, if 

they are available. 

Many studies have focused on the enemy release hypothesis (Keane & 

Crawley, 2002), but most of these are based on plants in their invaded range (Liu & 

Stiling, 2006). In order to know if exotic plants are released from their natural 

enemies, herbivore numbers and identities should be compared with those in their 

native range. Climate warming-induced range expanders have may be less 

susceptible to herbivores in their exotic than in their native range (this thesis). 
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Whether or not herbivory is indeed less in the exotic range, levels of herbivory 

should be compared between the two ranges. Importantly, there may be changes in 

the susceptibility of plants to herbivores along their range expansion gradients. For 

example, during range expansion populations may encounter variable and novel 

herbivore pressures against which they have to defend, which could lead to 

decreased suitability. In order to study the mechanisms that contribute to enemy 

reduction, future research is needed in which herbivory is compared along with 

genetic differences in certain plant traits, such as allelochemistry, along a transect 

covering terrain well into the invaded range back to the native range.  

In Chapter 4, I showed that the predator loads were higher on herbivores 

developing on range expanding plants. If future plant communities exhibit a larger 

proportion of exotic plants, the relationships between predators, herbivores and 

plants are also likely to change. Considering changes in insect biomass and 

abundance, even higher trophic level predators, e.g. hyper parasitoids, but also 

vertebrates such as insectivorous birds, may experience changes in food abundance 

and or quality (Harvey et al., 2003; Tallamy, 2004; Heleno et al., 2009). Whether 

predators do contribute to the increased control of herbivores on exotic plants, needs 

further experiments in which predators should be excluded from the plants in both 

their exotic and native ranges.  

Climate warming and plant range shifts within geographic regions induce 

natural enemies to shift their ranges as well (Thomas et al., 2004). Consequently, 

insect communities in the exotic range comprise a mixture of native and exotic 

herbivores and predators. However, the extent to which interactions reassemble in 

the expanded range and the consequences for exotic plant performance needs 

further investigation. This information is necessary in order to make predictions 

about the effects of exotic species on a range of ecosystem functions. 
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SAMENVATTING 

  

Het klimaat verandert en gemiddelde jaar temperaturen zullen naar verwachting 

hoger zijn in de toekomst. Planten en dieren reageren op deze veranderingen door 

zich aan te passen aan de lokaal warmere omstandigheden en of door hun leefgebied 

op te schuiven richting de polen. Sommige planten die succesvol hun areaal hebben 

uitgebreid ontwikkelen zich tot pest soort, net zoals sommige nieuw 

geintroduceerde soorten dat doen. Er is dus een conceptuele analogie tussen planten 

soorten die hun leef gebied succesvol verschuiven en invasieve planten met een 

oorsprong in andere continenten. Intra-continentale plantensoorten verschuiven hun 

areaal binnen het continent waar ze van oorsprong voorkomen. Inter-continentale 

soorten hebben hun oorsprong in andere continenten van waar ze zijn  

geintroduceerd, alvorens ze hun areaal uitbreiden in hun nieuwe omgeving. Het 

doel van dit proefschrift is, om meer inzicht te krijgen hoe interacties tussen planten 

en insecten kunnen bijdragen aan het succes van uitheemse planten die hun areaal 

richting de polen uitbreiden als gevolg van een opwarmend klimaat. In het bijzonder 

had ik tot doel om te onderzoeken of uitheemse planten die geïnduceerd door een 

warmer klimaat hun leefgebied verschuiven, minder voedzaam zijn dan verwante 

inheemse soorten en of deze uitheemse planten minder last hebben van 

bovengrondse vijanden dan verwante inheemse planten. Bovendien heb ik 

onderzocht of inter –en intra-continentale uitheemse planten verschillend zijn in hun 

kwaliteit als voedselplant en of ze verschilden in hun respons op bovengrondse 

vraat. In het eerste experiment heb ik the hypothese getest dat inter –en intra-

continentale uitheemse planten en hun inheemse verwante soorten, allen afkomstig 

van hetzelfe habitat, niet verschillend reageerden op twee bovengrondse polyfage 

herbivoren. Daarnaast heb ik getest of de plant-bodem interactie minder negatief 

was voor de biomassa van intra –en inter-continentale uitheemse planten dan voor 

inheemse verwanten. In dit experiment liet ik 15 planten soorten groeien, met en 

zonder naive polyfage sprinkhanen (Schistocerca gregaria) en cosmopolitische 

bladluizen (Myzus persicae), en heb alle planten vervolgens ook laten groeien op 

bodem afkomstig van hun nieuw gekoloniseerde leefgebied om het effect van biota 

in deze bodem op de productie van plant biomassa te testen. Mijn resultaten laten 

zien dat zowel inter, als intra-continentale uitheemse planten gemiddeld beter waren 

verdedigd tegen bovengrondse en ondergrondse vijanden, dan verwante inheemse 

planten soorten. Dit duidt erop dat uitheemse planten die hun leefgebied succesvol 

uitbreiden mogelijk invasieve eigenschappen bezitten.  

 

De effecten van plant-bodem interacties voor uitheemse planten kunnen neutraal tot 

postief zijn, terwijl inheemse planten negatieve effecten van hun bodem biota 

ondervinden. Ondergrondse interacties kunnen bovengrondse interacties 

beinvloeden waardoor relaties tussen uitheemse planten en hun bovengrondse 

vijanden kunnen veranderen. Ik heb onderzocht hoe de prestaties van de twee 
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bovengrondse polyfage herbivoren S. gregaria en M. persicae werd beïnvloed door 

interacties tussen planten en hun bodem biota en deze effecten vergeleken tussen 

intra –en inter-continentale uitheemse planten en verwante inheemse planten. Het 

bleek dat het gewicht van de sprinkhanen groter was op planten die groeiden op 

bodem door henzelf geconditioneerd, maar kleiner op inheemse dan op uitheemse 

planten. De overleving van sprinkhanen was ook hoger op inheemse planten, maar 

was niet beinvloed door plant specifieke bodem biota. Het  sprinkhanen gewicht, 

noch de overleving verschilde tussen inter –en intra-continentale planten. De 

populatie grootte van de bladluis was niet beinvloed door plant specifieke bodem 

biota, maar het grootste op de intra-continentale uitheemse soorten. Echter, de 

lichaamsgrootte van M. persicae was niet verschillend tussen de planten met 

verschillende oorsprong, maar wel groter op controle planten dan op planten die 

groeiden met hun soort specifieke bodem gemeenschap.  

 

Of uitheemse planten minder natuurlijke vijanden hebben in hun nieuwe omgeving 

kan worden gemeten door de potentiele herbivore druk te vergelijken tussen 

uitheems planten en hun inheemse verwanten. Deze potentiele druk kan worden 

beinvloed door predatoren en parasitoiden uit hogere trofische niveaus. Ik heb in het 

veld de potentiele druk van zowel herbivoren op planten, als predatoren en 

parasitoiden op de herbivoren vergeleken tussen twee uitheemse (inter-continentaal 

en intra-continentaal) –en twee verwante inheemse planten soorten. Ik heb 

gevonden dat de potentiele herbivore druk lager was op uitheemse dan op verwante 

inheemse planten en bovendien dat de predatie druk op herbivoren op uitheemse 

planten ook hoger was. Deze resultaten impliceren that beide typen uitheemse 

planten een dubbel voordeel hebben, namelijk toegenomen verdediging jegens 

herbivoren en controle van herbivoren door insecten uit hogere trophische niveaus. 

 

Tot slot heb ik een veld experiment opgezet om het effect the testen van herbivorie 

op gemeenschappen bestaande uit uitheemse en inheemse planten soorten. Dit 

experiment bestond uit 10 gemeenschappen met elk zes uitheemse soorten en zes 

verwante inheemse soorten die voorkomen in hetzelfde rivieren gebied. We lieten 

herbivorie toe in de helft van de gemeenschappen. De andere helft werd 

vrijgehouden van herbivorie. Op deze manier konden we bepalen of uitheemse 

planten de gemeenschap domineren wanneer de gemeenschap is blootgesteld aan 

herbivorie en of dit voordeel voor uitheemse planten verdwijnt wanneer er geen 

herbivore druk aanwezig is. We vonden dat herbivorie de totale biomassa van de 

gemeenschap met bijna de helft reduceerde, echter, deze gemeenschappen werden 

niet gedomineerd door uitheemse planten. Er was grote variatie in het effect van 

herbivorie op de verschillende planten soorten waardoor de hierarchy in dominantie 

veranderde. Interessant is dat de relatieve bijdrage van biomassa aan de 

gemeenschap niet verschillend was tussen uitheemse en inheemse planten en ook 

niet verschillend tussen inter-continentale en intra-continentale uitheemse planten. 

Hiermee concludeer ik dat het ontsnappen aan bovengrondse vijanden niet de enige 
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verklarende factor is voor het succes van invasieve inter –en intra-continentale 

uitheemse planten. 

Tot slot, planten soorten die van oorsprong voorkomen op het continent waar zij, 

geïnduceerd door klimaat opwarming, hun areaal uitbreiden, hebben mogelijk 

vergelijkbaare invasieve eigenschappen als inter-continentale uitheemse planten. 

Zowel in gecontroleerde omstandigheden als in het veld waren inter –en intra-

continentale uitheemse planten beter bestand tegen bovegrondse herbivorie dan 

inheemse planten. Uitheemse planten hadden minder last van herbivoren onder 

gecontroleerde omstandigheden, echter dit was niet terug te zien in een 

onvermengde dominantie in het veld. Verschillen in het effect van bovengrondse 

herbivorie is dus niet de enige voorspellende factor voor het succes van uitheemse 

planten van inter –en intra-continentale origine.  
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DANKWOORD 
 

De laatste loodjes wogen onverwacht veel. Ik heb zo mijn twijfels gehad of het voor 

mij wel haalbaar zou zijn. Echter, het vasthouden van dit boekje bewijst dat het toch 

is gelukt, hoewel het een vloek en een snik heeft gekost. Vaak denk ik: ‚ als ik wist 

wat ik nu weet zou ik het allemaal anders doen‛. Dit klinkt alsof ik het de afgelopen 

vier jaar verkeerd heb gedaan, maar dat was denk ik niet het geval. Ik leverde een 

continue strijd door aan de ene kant te vinden dat ik alles al moest kunnen en hoog 

presteren, terwijl aan de andere kant O.I.O. (Onderzoeker In Opleiding) zegt dat ik 

in opleiding was en dus nog moest leren. Ik heb geleerd, en ik heb gezwoegd om te 

kunnen wat ik dacht dat nodig was om goed onderzoek te kunnen doen.  

Ik denk vaak dat ik alles zelf moet kunnen, alle facetten van het onderzoek. Maar ja, 

ik kan mij eenmaal niet splitsen en kan bovendien onmogelijke alle kennis die nodig 

is om antwoorden te vinden, zelf weten of uitvinden. Ik ben daarom mijn promotor 

en co-promotoren zeer dankbaar voor hun begeleiding, meedenken en steun.  

Wim, ik weet nog goed dat ik een gat in de lucht sprong toen je mij belde met de 

mededeling dat ik op het NIOO was aangenomen. Dan mag het soms moeilijk zijn 

geweest, met name in het laatste jaar, maar ik voel het nog steeds zo. Jij mag graag 

hoog inzetten met de manuscripten. Dit is soms een zware, maar wel een heel goede 

leerschool waar ik straks de vruchten van hoop te plukken. Bedankt, vanaf het begin 

tot aan het einde! 

Bedankt Martijn, voor de scherpte in het bijzonder wat betreft de statistiek. Ik heb 

mijn hoofd vaak gebogen over de statistische vraagstukken van de manuscripten en 

we waren het niet altijd eens. Soms vergeet ik wel eens dat er geen ‘beste model’ 

bestaat, maar het altijd een keuze is. Zeer bedankt dat je Nick Mills hebt genoemd in 

mijn zoektocht naar een postdoc baan in California. Dit heeft goed uitgepakt zoals je 

weet en ik kijk ernaar uit om daar te beginnen.  

Jeff, in the beginning I experienced an overload of talking about world politics. This 

was sometimes overwhelming, but definitely broadened my world view. Luckily we 

also talked a lot about ecology, other sides of science, movies, music and other things 

in life. And when I thought I was losing it, you were always able to downplay it. I 

will never forget the movie production with the always valid quote: ‚Where’s the 

money‛. Thanks for all that. 

Misschien dat ik soms wat met oogkleppen in de kamer zat en dat het leek alsof ik 

ook wel alleen op een kamer kon zitten. Maar Elly, dat was zeker niet het geval. We 

zijn gelijk begonnen aan ons project dus deelden ook samen de vreugde en de pijn 

van het OIO zijn. En dan ook nog allebei een kindje in deze bijzondere periode. Wat 

fijn dat ik af en toe mijn frustraties bij je kwijt kon, maar ook kon roepen dat we 

geweldige resultaten hadden, ha ha. Tja, en de directe West-friese humor werd zeker 

in onze kamer gewaardeerd (Jeroen, ook nog bedankt voor jouw bijdrages hieraan). 

Dank ook aan mijn andere directe project collega’s Mirka en Annelein. Ons werk 
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staat bij mij te boek als o.a. ‘The Cage Experiment’ wat klinkt als een geheimzinnig 

hersen onderzoek, maar is wellicht spannender dan ‘The Rabbit Files’.  

Vele keren ben ik jou kamer binnengelopen Koen. Ik zei dan dat het een klein 

vraagje was en maar 5 minuten hoefde te duren. Maar ja, natuurlijk was het 

probleem altijd ingewikkelder dan het vooraf leek en zaten we veel langer dan 5 

minuten. Had ik dan een antwoord op de vraag? Nee, maar ik begreep het probleem 

wel beter en ging een stuk wijzer weer weg. Dank voor al je meedenken.  

De lijst van mensen die voor mij mede bepalend zijn geweest voor de zakelijk, vrije, 

sociale en wetenschappelijke context waarin ik met veel plezier heb gewerkt: Taia 

(many thanks for being my paranimf), Jennifer, Ciska, Tanja, Sabrina, Tess, Olga, 

Patrick, Marjolein, Gera, Tibor, Pella, Paul, Gerlinde, Arjen, Wiecher, Tanja, Eva, Luc, 

Philipp, Gerrie & Elly. 

 

Karel, wat fijn dat je met mij hebt meegedacht op de momenten dat dat nodig was. 

De ene keer om orde in de chaos te scheppen en op andere momenten om de juiste 

woorden en inzichten te bieden die nodig waren zodat ik weer vooruit kon.   

 

Pap, Mam, heel erg bedankt voor jullie steun, in het bijzonder in de laatste weken 

van het afronden. Jullie hebben al jullie afspraken afgezegd om op Ybo te kunnen 

passen en alles in huis draaiende te houden zodat wij al onze tijd aan ons boekje 

konden besteden. Het is niet uit te drukken wat dit op dat moment voor ons 

betekende. Heel, heel erg veel.  

 

Ing, onmeetbaar wat jij voor mijn promotie betekent. Jij bent de reden dat ik nu dit 

dankwoord kan schrijven. Onze positie was niet makkelijk omdat we allebij tegelijk 

onze promotie afronden, maar toch heb jij mij uren geholpen terwijl je zelf nog 

genoeg had te doen...............Ik hou van je! 

 

Ybo, je bent klein, maar de grootste lessen leer ik van jou! 
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