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Abstract 

Biological invasions can threaten biodiversity and have severe economical 

impacts. Invasive plants and animals are often thought of as agricultural pests, but 

they can also pose a hazard for health, transportation, and conservation. Invasive 

species not only directly impact human well-being, but they alter community 

structure and ecosystem function, contributing to the homogenization of biological 

systems worldwide.  

Plant invasions often involve rapid evolutionary change in the founding populations 

through processes of adaptation, recombination, hybridization, which may lead to 

genetic differentiation of the invasive species from the original population in the 

native range.   

The objective of this thesis was to investigate if invasive accessions of Aegilops 

cylindrica have a higher competitive ability than native ones. A competition 

experiment was performed and several fitness components were analyzed.  

As an overall result it can be pinpointed that invasive accessions of Aegilops 

cylindrica are bigger even under competition and drought stress.  

 

Keywords: Biological invasions, native, invasive, competitive ability, competition. 
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Sumário 

As invasões biológicas podem ameaçar a biodiversidade e ter, assim, severos 

impactos económicos. As plantas e animais invasores são frequentemente apelidadas 

de pestes agrícolas, sendo que também podem constituir um perigo para a saúde e 

conservação das espécies nativas. As espécies invasoras não só influenciam 

directamente o bem-estar humano, mas também alteram a estrutura comunitária e as 

funções do ecossistema, contribuindo para a homogeneização dos sistemas 

biológicos por todo o mundo. 

Invasões de plantas envolvem frequentemente mudanças evolutivas rápidas nas 

populações fundadoras, através de processos de adaptação, recombinação e 

hibridização, que podem levar à diferenciação genética entre espécies invasoras e a 

população original na sua área de distribuição natural. 

 

A presente tese teve como objectivo principal investigar se os genótipos 

invasores de Aegilops cylindrica têm maior capacidade competitiva do que os 

nativos. Foi conduzida uma experiência de competição e foram analisados vários 

componentes de fitness das plantas. 

 

Os resultados mostram que os genótipos invasores de Aegilops cylindrica no geral 

são maiores que os nativos, mesmo quando sujeitos a competição e seca. 

Palavras-chave: invasões biológicas, nativas, invasoras, capacidade competitiva, 

competição. 
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1. Introduction 

Biological invasions are defined as the rapid dispersal of a species outside its native 

range and are an important element of global change (Vitousek, 1996). Many 

species were introduced accidentally, however, the human activities, such as global 

transport and trade, breaking the barriers of dispersal, facilitate the introduction of 

alien species causing severe economical impacts (Levine et al. 2003, Sax et al. 

2007). Invasive species not only directly impact human welfare, but they alter 

community structure and ecosystem function, contributing to the homogenization of 

biological systems worldwide and threaten biodiversity (Vilà et al. 2007).  

Biological invasions are a major problem worldwide. In the United States alone, of 

750 000 estimated species, 50 000 are invasive, and the economical costs of invasive 

species amount to 800 billions of dollars per year (Pimentel et al. 2005).  

Invasions are generally irreversible, once an invading species is naturalized to the 

new habitat, after reproduction, dispersion and adaptation, it is almost impossible to 

eradicate the species (Marchante, 2011). In consequence it is of high interest to 

determine the mechanisms how a species becomes invasive to gain information how 

invasions can be prevented.  

1.1. Mechanisms of Invasions 

The main characteristic of a biological invasion, the rapid population growth outside 

the native range of a species, suggests that specific characteristics of a species or 

adaptation or acclimatization processes lead to this range expansion ability. Only a 

small fraction of introduced species becomes a successful invaders either because of 

specific traits for invasiveness or after ecological or evolutionary change (Bossdorf 

et al. 2005, Suarez & Tsutsui 2008, Ellstrand & Schierenbeck, 2000).  

A biological Invasion is a form of colonization. When a species is introduced into a 

new range, it is subject to colonization related effects like genetic bottlenecks, 

random genetic drift and increased levels of inbreeding. An introduced species has 
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to overcome these problems to become a successful invader (Caño et al. 2008, 

Meimberg et al. 2005). 

Like all colonization processes the successful establishment of an invasive species 

has several steps: the introduction, when a species arrives in a new environment; the 

establishment, during which the species becomes naturalized, i.e. is able to sustain 

reproducing populations in the new range, and the spread, during which the species 

increases population size (Sexton et al. 2002).  Between the introduction and the 

establishment there is a lag phase (allowing evolutionary changes or selection of 

certain genotypes with multiple introduction and propagule pressure), and then the 

increment of their population size (rapid growth). Between the establishment of a in 

a new environment and the invasive spread, there is a lag phase during which no 

obvious population growth occurs (Figure 1). The lag phase indicates that the 

species is undergoing a acclimatization or adaptation process. The examples where a 

species is becoming invasive shortly after its arrival, like we would expect if a 

certain trait enables the invasion, are rare (Whitney & Gabler, 2008). The processes 

might range from acclimatization or evolutionary change, to ecological mechanisms 

like the acquisition of a suitable pollinator. The duration of the lag phase is species 

dependent, species that are currently naturalized might therefore become invasive in 

the future, so it can be expected that the problem of biological invasions will 

increase (Theoharides & Dukes, 2007).  

Figure 1: Schematic overview of different phases of biological invasions (Sexton et al. 2002) 
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1.2. Hypotheses to explain Biological Invasions 

There are several hypothesis proposed to explain biological invasions, and in 

particular to determine processes during the lag phase that might cause invasions. 

Some of them are suggested from the view of invasiveness of the habitat, e.g. the 

species richness hypothesis, the assumption that the more native species a 

community comprises the higher the level of resistance of a community against 

invasions is. Similar hypotheses are the disturbance hypotheses, stating that 

disturbed habitats are more easily invaded then non-disturbed, and the empty niche 

hypothesis where invasions are occurring in ecological niches that are not occupied 

by a native species. The oldest one, the Enemy Release Hypothesis, states that in the 

native range, species have specialist predators that control their population size and 

in new ranges the lost of these specialists allows the population growth (Hierro et al, 

2005). 

Of higher relevance for the thesis at hand are the hypotheses that suggest some kind 

of evolutionary change in the invasive species. The multiple introduction hypothesis 

and Admixture effects also suggests that the genetic diversity is already high, which 

allows the appearance of genotypes that are better fitted to the new environment. 

Species with these genotypes, being better fitted to the new environment, may 

become successful invaders (e.g. Kolbe et al. 2004). The Novel Weapons 

Hypothesis states that invasive species release allelochemicals, which are totally 

ineffective in their native range, inhibiting the growth of native plants. The 

Evolution of Increased Competitive Ability (EICA) Hypothesis (Blossey & Nötzold, 

1995) propose that plants from a species’ exotic range will need to allocated less 

resources in defense, so they can invest more in reproduction and are better 

competitors.  
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1.3. The role of competitive ability during biological invasions and the 

EICA hypothesis 

The unifying characteristics of the hypotheses assuming evolutionary change in the 

new environment, is that the evolutionary change leads to increase of competitive 

ability. The Evolution of Increased Competitive Ability (EICA) hypothesis is 

relating this increase with the lack of herbivores or predators that result in the lack 

of selection against genotypes with reduced defenses. In consequences species can 

loose their defense related traits and reallocate resources to rapid growth or high 

fecundity that may result in a higher fitness that can lead to increased competitive 

ability in specific environments. The ability for defense would be under strong 

selection in the native range but not in the new range. In the new range the lack of 

defense becomes an advantage and could be related either phenotypic plasticity or a 

genotype effect which can be experimentally tested.  

Selection could lead to higher competitive ability independent of the defense 

mechanisms. Blumenthal and Hufbauer (2007) tested the competitive ability of 

fourteen invasive species in comparison to native conspecifics. They found that 

invasive representatives of a species were generally bigger but not significant under 

a competition treatment. Invasive species could also be selected for competitive 

ability, or higher fitness respectively, independently from defense mechanisms.  

 

Figure 2: Representatives of Aegilops invasive in the US (from left to right), Ae. cylindrica (Armenia), Ae. 
geniculata (Southern Spain) and Ae. triuncialis in a population of Ae. geniculata (Southern Spain). 
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1.4. Genus Aegilops 

The aim of this thesis was to compare fitness components of invasive Aegilops 

cylindrica Host. (Jointed goatgrass)  in comparison to native ones with and without 

competition with the use of a high number of accessions as within species replicates. 

The genus Aegilops contains at least 23 species (Van Slageren, 1994; Figure 2). The 

genus is closely related to breadwheat and has some imprtocance as source of 

germplasm for bread wheat breading. It is distributed in Eurasia with a center of 

diversity in the Middle East. Three species had been introduced in North America, 

one of which, Ae. cylindrica, now being invasive over most of the US.  

Aegilops cylindrica native range is from Eastern Europe to Western Asia and was 

probably introduced to the United States at the end of the 19th century (Figure 3). It 

is one of the species in the genus with the highest tendency to weediness (Van 

Slageren 1994) and is now widespread in the invaded range where it is considered as 

a noxious weed in bread wheat fields. Ae. cylindrica is today a problem weed only 

in Turkey and the United States, but was a common weed around the Mediterranean 

early in the last century (Donald and Ogg, 1991). Other species of Aegilops are 

weeds in Morocco, Portugal, Iran, Jordan, and Israel.  

 

Figure 3: Native and Invasive range from Ae. cylindrica shown as locations of collections listed in the 
webpage from the USDA. Adventive range, which is all over Europe, is not considered by USDA (except 
in two localities in Spain). Outlyers in Japan are likely to be errors in the database.  
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Aegilops cylindrica (Jointed goatgrass) is an annual fast growing grass that is very 

easy to use in ecological experiments. Especially the large number of individuals 

that can be maintained in a relatively small area of Aegilops facilitates relatively 

cheap and statistically powerful experimental designs (Meimberg et al., 2010). 

 

Figure 4: Hybridization between Ae. cylindrica and Triticum aestivum (bread wheat). From left to right: 
bread wheat, hybrid, Ae. cylindrica. 

It is an allotetraploid species (2n=4x=28, genome CCDD) formed by hybridization 

between the diploid species Ae. tauschii Coss.(2n=2x=14, genome DD) and Ae. 

markgrafii (Greuter) Hammer (2n=2x=14, genome CC). It is a close relative of 

bread wheat (Triticum aestivum L., 2n=6x=42, genome AABBDD), to which shares 

the D chromosome in common and has similar growth habits (Ghandi et al, 2005).  

This species is of worldwide economic importance for various reasons. Aegilops 

cylindrica is a weed in bread wheat fields, difficult to eradicate because of the high 

genetic and habitual similarity to bread wheat and especially common in in the 

Midwestern and western United States (Guadagnuolo et al, 2001). It lowers yield by 

competition and reduces harvesting efficiency and crop quality by contamination 
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(Van Slageren, 1994). Hybridization between jointed goatgrass and wheat can occur 

suggesting the possibility of crop-to-weed gene flow, which could be dangerous 

(Figure 4). Genes such as resistance to insect pests could persist in the weed for 

generations. This is especially important because genetically modifications of bread 

wheat could be transferred to Ae. cylindrica (transgene escape, Schoenberger et al, 

2006). A potential increased weediness, due to transgene escape of for example 

herbicide resistance, is a major concern about the cultivation of genetically modified 

wheat (Schoenberger et al, 2006). Ae. cylindrica also has been identified as a source 

of useful genetic variation for wheat improvement (Farooq et al, 1992; El Bouhssini 

et al, 1998; Iriki et al, 2001). Therefore, there is considerable interest in 

understanding various aspects of the evolution of Ae. cylindrica for its better 

management and use. 
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1.5. Objectives 

The aim of the thesis at hand was to investigate if invasive accessions of Aegilops 

cylindrica have a higher competitive ability than native ones. A trend to larger 

plants, also under competition had been shown in several experiments (e.g. 

Blumenthal and Hufbauer, 2007). Therefore the experiment was designed to 

specifically test if invasive accessions reach a higher fitness under competition 

relative to native accessions, i. e. if an interaction between competition level and 

invasive status of genotypes can be shown. Hereby the experiment aims to 

differentiate between the possibility that invasive accessions are overall larger, no 

matter which treatment they are in, or that they are especially stress resistant, i. e. 

that they reach a larger size then native accessions only or especially under 

competition and pose especially stress resistant.  

The experiment was designed as competition experiment between Ae. cylindrica, 

native and invasive accessions, and bread wheat. This competitor was chosen to gain 

additional insights about the response of Ae. cylindrica to the crop. Ae. cylindrica is 

a proeminent wheat in bread wheat fields.  

The investigation was based on greenhouse experiments where invasive and non-

invasive accessions were grown in different conditions and stress treatments as level 

of drought. A comparison between fitness components of the plants indicated 

competitive ability. Different levels of drought, applied to exclude fitness 

differences, decreases under optimum greenhouse conditions.   
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2. Material and methods 

2.1.Plant Material 

2.1.1. Source of accessions 

Accessions were ordered from the germplasm centers and were chosen to roughly 

cover the whole eurasian range from Ae. cylindrica. From the germplasm center 

USDA 145 accession were available, the majority of them from the native range in 

Eurasia. 85 accessions were obtained from IPK Gatersleben, with the majority form 

the adventive range in Europe (ordering took place before the start of the thesis and 

the material was in possession of the institution, CIBIO). Six US accessions with 

unknown invasive status from germplasm centres were included in the seed increase 

and later excluded.  

Phil Westra and collaborators in Colorado State University provided the invasive 

accessions. These 51 accessions were collected in bread wheat fields (or margins), 

therefore showing invasive characteristics (personal communication). No geo 

reference for these accessions was available, so only the centre of the area where 

they were collected is shown. Nevertheless these accessions were used because it 

constitutes a valuable collection of accessions where the invasive status is known 

and have therefore already used in other studies (Ghandi et al. 2009). The remaining 

germplasm center accessions were from the native or adventive range in Eurasia. A 

complete list of accessions is shown in Table 1 indicating the accessions that had 

been used in the main experiment. Figure 5 shows a map of accessions divided 

according to source.  
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Figure 5: Location of Ae. cylindrica accessions used, acording to source. Blue dots from the invasive range 
from Phil Westra, orange dots in native range from IPK Gatersleben and green dots in native range from 
USDA germplasm centre. 
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2.1.2. Seed increase and choice if material for the main experiment 

On the first step, a seed increase of all accessions was performed. Seed increase was 

planted in 4 replicates, two as single seed, and two as one plant in the center of 6 

bread wheat seeds. The competition replicates had been included to gain first 

information about response to competition in Ae. cylindrica to set up the main 

experiment. The experiment was planted in native loam soil mixed with 1/3 sand 

both obtained by a local supplier (T. Gaines personal communication). Figure 6 

shows the general set up of the planting of the seed increase experiment. 

2.2. Competition Experiment 

2.2.1. Material 

For the main experiment one plant per accession from the seed increase experiment 

that grew singly without weed in a pot was used. . The number of accessions was 

reduced to a total of 96, 48 each invasive (from USA origin) and non-invasive ones 

(collected in 14 countries) as showed in Table 1. Non-invasive accessions were all 

from the native range and adventive accessions from Eurasia were excluded. During 

the seed increase experiment three invasive accessions did not germinate so all 

remaining 48 were used. The 48 non-invasive accessions were randomly chosen 

excluding the ones that did not germinate, so in total 96 Aegilops cylindrica 

accessions were analyzed.  
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Table 1: Accession list 
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Figure 6: General setup of the seed increase experiment. Upper left: prepared pots before sowing; upper 
right: sowing; below: plant of about one month age. 
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2.2.2. Experimental Design 

To test the competitive ability of Ae. cylindrica, the experiment  was designed to 

focus on differences between invasive and non-invasive accessions under different 

levels of competition and drought resistance. For this, an experimental design was 

made to three levels of competition and two levels of water treatments, each of these 

replicated twice. In consequence the experiment consisted of 1152 pots resulting 

from 96 accessions with three competition treatments, each under two water 

treatments, times two replicates, making 1152 pots. The pots were placed into trays, 

which allowed the watering from below (Figure 7). In each tray there were eight 

accessions (four native and four invasive) with three competition treatments 

randomized and each tray was replicated twice. Another replicate of this was added 

in order to apply a different water regime. 

 

Figure 7: Plants set up for the main experiment. Left: plants were planted on vermiculite, twenty four 
pots in each tray. Right: general setup of the experiment after three months of growth. 

2.2.3. Pot preparation 

The experiment was planted in 6.5 x 6.5 cm pots, which were 10 cm deep. After the 

seed increase experiment, the recommended planting substrate, loam with 30% sand, 

was omitted since it was not possible to obtain loam substrate with no weed 

contamination (Figure 8). Therefore the experiment was planted in vermiculite 
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(Figure 7). Vermiculite is a substrate of mineral origin ideal for the germination of 

seeds, because of its aeration and water holding properties. It is formed by 

weathering and hydrothermal alteration of biotite or phlogopite, which expands the 

mineral. Initially, each pot was filled with a layer of peat (pH 5,0) to prevent the 

vermiculite pass through the holes in the pots. Peat was filled into the pots about 2 

cm high, until it covers the holes at the side of the pots used. For nutrition, 5 

Osmocote! (Scotts) balls as fertilizer have been added to the pots onto the peat 

layer. This nutrition method had been regarded as beneficial to ensure a permanent 

supply of nutrients during the whole experiments. Afterwards the pots were filled 

with vermiculite until 0.5 cm below the top of each pot. Nutrients were therefore 

about 2 cm above the bottom of each pot, the exact same amount of nutrients per 

pot, and each pot was filled with a similar amount of substrate. This should decrease 

variation during the dry down in the drought treatment and was closely observed. 

This set up using the same amount of substrate and a standardized fertilization 

method minimizes the block effects, by reaching a high level of standardization 

amongst pots.  

 

Figure 8: Weed contamination during the seed increase experiment. 
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2.2.4. Sowing and drought treatment 

The seeds were sowed equally distant from each other. The Aegilops cylindrica 

seeds were always sowed in the middle of the pot and bread wheat in the corner of 

the pots. Two Ae. cylindrica seeds were planted in each pot to ensure that at least 

one germinated. After germination, pots where two Ae. Cylindrica germinated were 

thinned out to one plant per pot. The watering was made from below approximately 

every two days in the winter and every day in the summer. Seed germination was 

checked every two days.  

There were three competition treatments in this experiment. A “No competition” 

treatment, used as control with only one Ae. cylindrica plant; an “intermediate” level 

of competition with two bread wheat plants competing with one Ae. cylindrica plant; 

and a “severe” level of competition with four bread wheat plants competing with 

one Aegilops plant.  

There were two watering regimes. In one of them, the pots were kept moistened as 

normal treatment, and in the other one it was applied a drought treatment. To keep 

the pots moistened in the normal treatment, the weight of the trays with plants and 

pots was measured every two days and water was added to reach the initial 4 Kg 

added level. To apply the drought treatment, conditions were repeated as for the 

normal treatment, but instead of 4kg of water, only 2kg were added. The drought 

treatment began in May simulating the natural conditions and was kept until 

harvesting.  

2.3. Data collection 

After sowing the seeds, the germination was checked once and not germinated 

accessions were replanted. After two and six months of growth, in February and in 

May, respectively, viability and growth related traits like tiller number, leaf number 

and leaf length were measured, before reproductive tillers were emerging (Figure 9). 

Growth rates were determined by comparison between these two data collection 

points. 
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Figure 9: Measurement of fitness components. From left to right: reproductive tillers, leaf length, spike 
like it had been collected during harvest. This spike is composed of eight spikelets. 

The flowering date was also annotated, checking every two days from the first 

flowering tiller. All accessions started flowering in a 6 days window, therefore the 

analysis of these traits were omitted and data is not shown. The quantitative viability 

characters were taken at two time points. Leaf length was measured using the five 

biggest leaves of each plant; the number of tillers was determined by counting the 

number of vegetative tillers; the growth rate was calculated as difference from the 

two time points; the spikes were harvested and at the same time, the spikelet number 

was recorded for some samples and calculated for others, since they are correlated. 

After the plants set seeds, the spikes were collected, kept in a paper bag and the 

watering stopped. The aboveground part of the plant was then collected and kept in 

a paper bag over silica gel to dry. The flowering weight (spikes weight) and the total 

aboveground biomass (aboveground part of the plant and spikes) were measured. 

The above-mentioned traits were used as fitness components and are summarized in 

Table 2.  
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Table 2: Analyzed traits related to fitness components 

Trait Description Expression units 
Viability 
Leaf length Average length of the five 

biggest leaves 
cm 

Number of leafs Total number of leaves number 

Growth leaves Difference from first and 
second measurement of leaf 
length 

 calculated expressed in cm 

Tiller number Number of non reproductive 
tillers 

number  

Growth rate Difference between first and 
second tiller measurements 

calculated expressed in number 

Vegetative dry weight Plant cut to soil after harvested 
and dried at 60º C for 3 days  

expressed in g 

Total above ground biomass Vegetative dry weight plus total 
spike weight  

calculated 

Fecundity   
Reproductive weight Total spike weight  g 

Injdividual spike weight How much each spike weights  g 

Spike size (number of spikelets) number 

Spikelet weight Spikelet weigth  g 

 

2.4. Data analysis 

Analysis has been performed as bivariate ANOVA implemented in JMP (Version 

9.0; SAS, Cary, NC, USA). General analysis shown below contained two main 

effects, competition and the invasive status of the accessions (range). These main 

effects were crossed to determine if there is a significant interaction indicating a less 

severe competition effect of bread wheat on Ae. cylindrica. P values, as well as 

degrees of freedom (DF), F value and sum of squares (SS) were extracted to show 

the level of statistical support. In the analysis all accessions from each range firmed 

as replicates within each group.  

Analogue analyses had been performed to test the effect of accession (genotype), or 

watering etc. In addition correlations had been determined as linear fit using the 

same program.  
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3. Results 

3.1. Seed increase  

Competition effect on Ae. cylindrica was severe as only single spikes of maximal 

size half the one of spikes under no competition were found. The experiment was 

therefore not phenotyped and competition level in the main experiment was reduced 

to two and four bread wheat plants. In addition soil showed a high number of weeds, 

which had to be removed by hand. In general, replicates with not-removed weeds 

were not used in the main experiment (Figure 9). Consequently, the main 

experiment was planted in vermiculite to minimize weed contamination because a 

local source for sterilized loam soil was not available. The seed increase experiment 

provided sufficient seeds for the main experiment and additionally ensured that all 

plants were grown for one generation in a common environment to exclude maternal 

effects.  

3.2. Competition experiment  

The objectives of this experiment were to test if the invasive accessions are more 

competitive than the native ones. To do that, greenhouse experiments were 

performed and plant components related to fitness (listed above) were measured and 

analyzed using ANOVA as referred. Measured components were divided into two 

categories: viability (growth related traits), and fecundity (reproductive related 

traits). All of these measurements were analyzed in order to search for differences 

between the different treatments. The germination rate was around 99% for all seeds 

sowed, including native and invasive Aegilops cylindrica and bread wheat.  

In the following sections the results of the ANOVA are described for the effect of 

the experiment treatments (Competition, Water and Range) as well as their 

interaction, in these traits. The results will be shown separately for each defined 

category of traits: viability and fecundity. 
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3.3. Effect of treatments on viability fitness components 

For the viability fitness components the following measurements were taken - 

number of leafs, average leaf length, growth leaves, growth rate and vegetative dry 

weight (above ground biomass). 

3.3.1. Plant size 

As a general effect, plants from invasive accessions were bigger than plants from 

native accessions. As shown in Table 3, the mean values for the number of leafs, the 

second time point measurement of leaf length, number of tillers in both time points 

measurements are evidences that invasive plants are bigger than the native relatives. 

The exception to this general behavior is the first time point measurement of leaf 

length were the native plants were bigger than invasive ones. However, under strong 

competition with four bread wheat plants, the overall behavior was noted again 

being invasive accessions bigger than the native ones. 

3.3.2. Competition treatment 

As said above, the invasive plants are bigger than the native ones. Under 

competition, that also happens. The competition has an effect in the plants and they 

are approximately 80% smaller under competition with 2 bread wheat plants and are 

approximately 90% smaller under competition with 4 bread wheat plants. However, 

the mean values graphically represented in Figure 10 for the number of leafs, the 

second time point measurement of leaf length and number of tillers in both time 

points measurements show that invasive plants are also bigger than native ones. 

3.3.3. Interaction 

Comparing the Range of Ae. cylindrica plants, the invasive are bigger than the 

native ones. Under competition with 2 and 4 bread wheat plants, the invasive 

accessions of Ae. cylindrica are smaller, but still bigger than the native accessions. 

The number of leaves in the invasive accessions is significantly higher than the 
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native ones  (F(5;570)=10,324; P = 0,0014) , under competition the invasive 

accessions have also a significantly higher number of leaves than the native 

accessions (F(5;570)=111,177; P = < 0,0001) , however, the interaction between range 

and competition is not significant (F(5;570)= 0,627; P = 0,534) indicating that invasive 

and native accessions have a similar number of leaves when under competition. 

Despite the length of the leaves measured be bigger in the invasive accessions than 

in the native ones, the difference is not significant in both time points taken (F(5;575)= 

0,321; P = 0,572) and (F(5;1141) = 3,794; P = 0,052) respectively. Under competition 

the invasive Ae. cylindrica accessions have bigger leaves than the native accessions, 

being this difference significant for both time points measured (F(5;575)= 123,348; P 

= < 0,0001) and (F(5;1141) = 284,237; P = < 0,0001) , respectively. The interaction 

between these two levels is slightly not significant in the first time point taken 

(F(5;575)= 2,942; P = 0,0536) and not significant in the second time point taken 

(F(5;1141) = 0,154; P = 0,857). The growth rate of the leaves despite the value is not 

significant, it does show a barely significant difference between invasive and native 

accessions (Range) (F(5;575)=3,752; P = 0,0532). Under competition, there is no 

significant differences of the growth rate of the leaves (F(5;575) = 0,308; P = 0,735). 

Both invasive and native accessions of Ae. cylindrica, under competition, doesn’t 

show a significant interaction (F(5;575) = 2,395; P = 0,092), showing that, under 

competition, both invasive and native accessions have a similar leaf growth. The 

number of tillers measured in the first time point, shows that invasive plants have a 

significant higher number of tillers (F(5;575) = 11,848; P = 0,0006) , from which it is 

concluded that invasive plants are bigger.  There is also a significant difference in 

the number of tillers, that were measured in the first time point taken, between the 

control plants and the plants under competition (F(5;575)= 127,733; P = < 0,0001). 

Both native and invasive accessions decrease the number of tillers under 

competition, as it is shown by a non significant interaction (F(5;575)= 1,525; P = 

0,219). The number of tillers measured in the second time point is significantly 

higher in the invasive accessions of Ae. cylindrica than in the native ones (F(5;1145)= 

30,254; P = < 0,0001). Plants under competition have a significantly lower number 

of tillers than plants without any stress (F(5;1145) = 1124,774; P = < 0,0001). Invasive 

plants have significantly more tillers (taken in the second time point) than the native 

ones without competition, but under competition this difference is not so big, as we 

can see by the significantly interaction (F(5;1145) = 8,126; P = 0,0003). The growth 
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rate of the invasive plants is not significantly higher than the native ones (F(5;575) = 

2,788; P = 0,096). The difference of growth rate between plants under competition 

and plants without competition is highly significant (F(5;575) = 272,233; P = < 

0,0001). The interaction between range and competition treatment is significant 

(F(5;575) = 8,786; P = 0,0002), which means that invasive plants have a higher growth 

rate than the native ones without any competition, but under competition the growth 

rate is not so different and the native plants have slightly higher growth rate (Figure 

10). 

Table 3: Results of a bivariate analysis of variance on viability fitness components, including range and 
competition as main effect and its interaction. Degrees of freedom and error were calculated for each 
analysis. 

Source SS F Ratio Prob > F 

Number of Leafs DF = 5; Error = 570 

Range 258.6736 10.3239 0,0014* 
Comp 5571.2639 111.1772 <,0001* 
Comp*Range 31.4306 0.6272 0.5344 

Leaf Length 1 DF = 5; Error = 575 

Range 0.59804 0.3205 0.5715 
Comp 460.33193 123.3477 <,0001* 
Comp*Range 10.97961 2.942 0.0536 

Leaf Length 2 DF = 5; Error = 1141 

Range 5.3257 3.7939 0.0517 
Comp 797.99877 284.2372 <,0001* 
Comp*Range 0.43095 0.1535 0.8577 

Growth of Leaves DF = 5; Error = 575 

Range 8.900278 3.7524 0.0532 
Comp 1.460318 0.3078 0.7352 
Comp*Range 11.36176 2.3951 0.0921 

Growth Rate DF = 5; Error = 575 

Range 16.6736 2.7857 0.0957 
Comp 3258.875 272.2329 <,0001* 
Comp*Range 105.1806 8.7863 0,0002* 

Number of tillers 1 DF = 5; Error = 575 

Range 37.51563 11.8483 0,0006* 
Comp 808.88542 127.7328 <,0001* 
Comp*Range 9.65625 1.5248 0.2185 

Number of tillers 2 DF = 5; Error = 1145 

Range 174.638 30.2536 <,0001* 
Comp 12985.484 1124.774 <,0001* 
Comp*Range 93.812 8.1258 0,0003* 

 

!
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!

Figure 10: Graphics showing mean values of viability fitness components. Grey lines represent native Ae. 
cylindrica and black lines represente invasive Ae. cylindrica. 

!

!

!

 



 

 26 

3.4. Effect of treatments on fecundity fitness components 

For the fecundity fitness components, five measures were taken - the total number of 

spikes per plant, the total spike weight, the individual spike weight, the total number 

of spikelets and the average number of spikelets per individual spike; in two 

different water treatments. 

3.4.1. Effect of dry treatment in range 

In Figure 11 the mean values for the fecundity fitness components measured are 

presented. Differences between invasive and native plants are noted being 

significant the average number of spikelets per individual spike. Despite the 

differences are not considerable, the number of spikes is slightly higher in the native 

plants and the individual spike weight is slightly higher in the invasive plants. The 

average number of spikelets per individual spike is higher for the invasive plants, 

being this difference significant (F(5;558) = 13,127; P = 0,0003). The total spike 

weight and the total number of spikelets are roughly the same for invasive and 

native plants. 

3.4.2. Effect of wet treatment in range 

Differences between invasive and native plants are not substantial in the wet 

treatment; however some of them are significant as it can be seen in Figure 11. 

Native plants have a 90% higher number of spikes per plant than invasive ones, 

which is a significant difference (F(5;568)= 10,587; P = 0,0012).  Total spike weight 

of native and invasive plants is barely the same and the individual spike weight is 

slightly higher for the invasive plants. The total number of spikelets and the average 

number of spikelets per individual spike is significantly higher in invasive plants 

(F(5;567) = 4,053; P = 0,00446) and (F(5;567)= 14,337; P = 0,0002) respectively. 
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3.4.3. Effect of dry treatment in the competition experiment 

The mean values for the fecundity fitness differences measured are shown in Figure 

11, where differences between control plants, without any stress besides drought, 

and plants under competition with four bread wheat plants are clearly seen. The 

differences for the total number of spikes between the two competition treatments 

are significant (F(5;563) = 754,122; P = < 0,0001), where under competition, plants 

decrease 70% of the total number of spikes. Both total (F(5;434) = 686,533; P = < 

0,0001) and individual (F(5;434) = 55,065; P = < 0,0001) spike weight and are also 

significantly different, also decreasing under competition, about 80% and 30% of 

the weight respectively. The total number of spikelets decreases under competition 

about 75%, with a significant difference (F(5;560) = 939,114; P = < 0,0001). Also the 

individual average number of spikelets per individual spike has a significant 

difference (F(5;558) = 112,020; P = < 0,0001), decreasing the number of spikelets per 

spike in about 15%.  

3.4.4. Effect of wet treatment in the competition experiment 

Under competition, the fecundity fitness measures decreases significantly, as shown 

in Figure 11. The control plants have about 70% more than the plants under 

competition with four bread wheat plants (F(5;568) = 790,936; P = < 0,0001). The 

total spike weight decreases about 75% when plants are under competition (F(5;436) = 

717,539; P = < 0,0001). The individual spike weight decreases about 75% under 

competition (F(5;436) = 26,618; P = < 0,0001) and the total number of spikelets per 

spike also decreases about 16%, being this difference significant (F(5;567) = 96,600; P 

= < 0,0001). Plants under competition have about 75% less spikelets than plants 

without any competition (F(5;567) = 982,556; P = < 0,0001).  
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3.4.5. Effect of dry treatment in the interaction of range and competition 

The native plants have slightly more spikes than the invasive ones in both 

competition treatments. The total spike weight is slightly higher for the invasive 

plants without any competition, but under competition, the native plants have a 

slightly higher spike weight. The invasive control plants have an individual spike 

weight higher than the native ones however, under competition, both native and 

invasive plants produce individual spikes with a very similar weight. The average 

number of spikelets per individual spike is higher for the invasive plants both under 

competition and without competition. Native and invasive plants seem to have a 

very similar number of spikelets independently from the competition treatment.  

 

Table 4: Results of a bivariate analysis of variance on fecundity fitness componentes, including range and 
competition as main effect and its interaction. Degrees of freedom and error were calculated for each 
analysis. 

Source SS F Ratio Prob > F SS F Ratio Prob > F 

 Dry Wet 
Spikes (circled on bag)                             DF = 5; Error = 563 DF = 5; Error = 568 
Range 6,1301 3,5009 0,0619 17,6923 10,5871 0,0012* 
Comp 2640,9603 754,1216 <,0001* 2643,4987 790,935 <,0001* 
Comp*Range 0,6325 0,1806 0,8348 3,7108 1,1103 0,3302 

Total Spike Weight                                   DF = 5; Error = 434 DF = 5; Error = 436 
Range 0,01651 0,1131 0,7368 0,2879 1,999 0,1581 
Comp 200,42556 686,5329 <,0001* 206,67569 717,539 <,0001* 
Comp*Range 0,14334 0,491 0,6123 0,12194 0,4233 0,6551 

Individual Spike Weight                          DF = 5; Error = 434 DF = 5; Error = 436 
Range 0,00733162 1,8954 0,1693 0,01134103 2,5809 0,1089 
Comp 0,42598917 55,0648 <,0001* 0,23393015 26,6179 <,0001* 
Comp*Range 0,0050863 0,6575 0,5187 0,0011399 0,1297 0,8784 

Number of Spikelets per Individual Spike    DF = 5; Error = 

558 

DF = 5; Error = 567 
Range 7,32802 13,1267 0,0003* 7,64114 14,3367 0,0002* 
Comp 125,07049 112,0197 <,0001* 102,9713 96,6003 <,0001* 
Comp*Range 1,45768 1,3056 0,2718 0,22246 0,2087 0,8117 

Total Spikelet Number                             DF = 5; Error = 560 DF = 5; Error = 567 
Range 9,24 0,1082 0,7423 342,22 4,0533 0,0446* 
Comp 160380,34 939,1144 <,0001* 165916,5 982,556 <,0001* 
Comp*Range 52,52 0,3075 0,7354 126,07 0,7466 0,4745 

!

!
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!

Figure 11: Graphics showing mean values of fecundity fitness components. Grey lines represent native Ae. 
cylindrica and black lines represente invasive Ae. cylindrica. 
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3.4.6. Effect of dry treatment on vegetative dry weight 

The native and invasive plants present a very similar vegetative dry weight under 

dry treatment conditions. In the competition treatment, the plants loose about 85% 

of their dry weight (F(5;570)  = 1180,107; P = < 0,0001). Without any competition, 

differences are also noted, being the native plants slightly heavier. Under severe 

competition with four bread wheat plants, both native and invasive plants behave in 

a similar way presenting roughly the same vegetative dry weight. 

3.4.7. Effect of wet treatment on vegetative dry weight 

In what respects the effect of the wet treatment on the plants dry weight the native 

range plants are slightly bigger than the invasive ones. This difference is maintained 

under competition however both native and invasive plants loose about 70% of their 

dry weight (F(5;574) = 855,867; P = < 0,0001). 

3.4.8. Effect of wet treatment in the interaction of range and competition 

No interaction was detected between the range and the competition treatments; 

which means that both native and invasive range plants have a similar vegetative dry 

weight and decrease it under competition. 

Table 5: Results of a bivariate analysis of variance on vegetetive dry weight, including range and 
competition as main effect and its interaction. Degrees of freedom and error were calculated for each 
analysis. 

Source SS F Ratio Prob > F 

Vegetative Dry Weight DF = 5; Error = 570 
 Range 0,16473 1,931 0,1652 

Comp 201,34605 1180,107 <,0001* 

Comp*Range 0,36132 2,1177 0,1212 

Vegetative Dry Weight DF = 5; Error = 574 
 Range 0,18197 1,6701 0,1968 

Comp 186,50278 855,8674 <,0001* 

Comp*Range 0,11859 0,5442 0,5806 
!
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Figure 12: Graphics showing mean values of vegetative dry weight. Grey lines represent native Ae. 
cylindrica and black lines represente invasive Ae. cylindrica. 

4. Discussion 

Aegilops cylindrica is a natural competitor in bread wheat fields and the goal of this 

experiment was to test if invasive accessions of Ae. cylindrica plants have higher 

competitive ability than native ones. Forty-eight invasive accessions of Ae. 

cylindrica were compared with forty-eight native accessions under stress. Besides 

the competition with bread wheat plants, an additional water stress treatment was 

added. Fitness components comparisons of the plants under stress were performed.  

Both water and competition treatments applied had a clear effect in plants, which 

allowed us to analyze the data and obtain clear results. The first experiment was 

planted, which allowed the seed increase and control for maternal effects. 

More accurate fitness measures, like the number of reproducing offspring, or the 

number of seeds produced, were not possible to determine in the scope of this thesis. 

To obtain these measures a considerable amount of work had to be performed which 

would imply more resources not available at the time. However it is our aim to 

perform such measurements to be used in further analysis in the future. The viability 

fitness components, like number of leaves, length of the leaves, tiller numbers and 

growth rates were screened to be a good measure of overall plant size. The fecundity 

fitness components, like number of spikes, spikelets and respective weight, were 

collected to have a good measure of the reproductive investment of the plants.  Both 

are the most relevant components of plant fitness, once a big plant may have few 

descendants and vice-versa.  
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4.1 Differences between invasive and native Aegilops cylindrica 

Generally, in all the viability fitness components, invasive plants are bigger than 

native ones. Other studies also have also provided similar results (Blumenthal & 

Hufbauer, 2007; Caño, 2008). Caño (2008) and collaborators had also verified the 

same effect, being invasive (Spanish) accessions of Senecio pterophorus bigger than 

native ones (of South African origin). Notwithstanding, the control for maternal 

effects was not performed in the referred study, making it difficult to conclude if 

there is a real difference or the effect is just due to the fact that Spanish accessions 

grew bigger than South African ones because the experiment was conducted in 

Spain, within invasive range.  

In the present experiment, under competition, as expected, both native and invasive 

plants decrease their size about 80-90%. Nevertheless, invasive accessions of Ae. 

cylindrica always remain bigger than native ones. Although this difference, between 

invasive and native plants under competition, is not as big as the difference in the no 

competition treatment, there is still a trend where invasive plants are bigger than 

native ones. In fact, the first measurement made for tiller number shows a different 

result, being the difference between native and invasive plants bigger under 

competition than in the control, what suggest that invasive plants grow faster under 

competition, producing more tillers. The growth rate shows that, in the control 

treatment, invasive plants are bigger, however under competition, the native plants 

are slightly bigger than invasive plants. This result was also verified for leaves 

growth, having the invasive plants produced bigger leaves in control and smaller 

leaves under competition; however, native plants grow smaller leaves in the control 

and under competition growing bigger leaves. This may suggest that despite 

invasive plants, in general, be bigger than native ones, the latter may be allocating 

resources to produce more offspring as described by DeWalt and collaborators 

(DeWalt et al. 2004). In the fecundity fitness measurements, it is shown that native 

Aegilops cylindrica plants have more spikes, heavier and with a higher number of 

spikelets, what suggests that they may have more offspring than invasive plants. 

Analyzing the spikes individually, native accessions have more spikes but the 

individual weight is less in both competition treatments, with less spikelets 

produced.  
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With the drought treatment, there are more differences between the control and the 

competition treatment. The native Aegilops cylindrica plants, in the control, still 

have more spikes, slightly lighter and with slightly less spikelets than invasive ones. 

However, increasing the level of stress with competition, the native plants also have 

more spikes, but heavier and with more spikelets. Nevertheless, under competition, 

the individual spike weight is very similar for both native and invasive plants, 

having also less spikelets per individual spike. So, without drought stress, invasive 

plants actually have fewer spikes and less spikelets, but each single spike is heavier 

than native ones, which may indicate bigger seeds. Bigger seeds also suggest that 

invasive plants will have a higher chance of successful germination and reproducing 

offspring. 

4.2. Meaning and implication of the results for invasions  

In general, the invasive plants are bigger than the native ones. Both invasive and 

native plant fitness is decreasing with the level of stress (competition and drought). 

With and without competition invasive plants are bigger and have fewer spikes. 

Although, despite having fewer spikes, they are heavier, therefore having more 

chance of viable offspring.  

One explanation for this might be found on genetic differences. Invasive plants may 

have evolved to increased growth and so, become more adapted to new and more 

competitive environments. Specific traits are selected accordingly to the new 

environment (Blossey and Notzhold, 1995). International trade due to agricultural 

activity has been increasing and breaking barriers of plants dispersal. Agricultural 

activities alter the ecosystem and it becomes less competitive. If rapid growth is 

selected in the invaded range, these plants may have an advantage of the available 

resources. An example of this is the case of Escholschzia californica where invasive 

plants grow and are well adapted to disturbed and non-competitive habitats, but 

native Escholschzia californica is widespread in various habitats (Leger and Rice, 

2003).  
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